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PCT/ US97/ 13105 DATA RETRI EVAL CHANNEL CHARACTERI STI CS CONTROL BACKGROUND OF
THE | NVENTI ON The present invention relates to infornmation storage systens
and, nore particularly, to control of characteristics of the data retrieval
channel througlom3sexhi ch data is retrieved fromstorage in FCENSEHISNS.
Digital data magnetic recording systens store digital data by recording
same in a noving nagnetic nedia |ayer using a storage, or "wite",

el ectrical current-to-magnetic field transducer, or. "head", positioned

I medi atel y adj acent thereto. The data is stored or witten to the magnetic
medi a by switching 10 the direction of .flow in an:otherw se substantially

constant magnitude wite current that i éléstabl [ shed in coil windings in

the wite transducer W éﬂg]gie%ﬁﬁt{ (fa ent
di rection transrtronﬂr’esul S'Tn a rever % |zmbd‘|rection,

in that portion of the magnet IEAUKGR@UNBOR'IHEINVENTIMNW t he transducer
during this directional switching of the current. fl.ow, with respect to 15
the nagnetization directi orﬁ"‘r?‘?sg‘é‘t YLD, Telaten 10 dpfoRmation Stosaee syBems and t he

opposi te directiogg Mm&ye%ﬁﬁalwcﬁ&méfﬁncmﬂm*t {91 U] g O 2€7 ©
i nverted (NRZI), each netization direction reversal occurring ov

short port|0n50f whehﬂegmmvm@smemupbwwmae transducer represents a
bi nary nunber system di glt AR ai? n that

portion represents a binary dmgllt?dwéagﬁ%a%or%’g slt'o adgl\[f'g f Y such
recorded digital ﬂeoﬂmgssmmmﬁoahpmgnmnmhyertusmgIangoage adrriweitet, , or

"read" rragnetlcfleld ovoIt e tr.a ucer 1) be t esrreasthe
storage transduceHeqHHc “E) g’ﬂ@? EFS@ @§’ Fac t’r‘?d‘d?tl ¥|p| i ng
between the nedi aad}dcaite&mdrnehﬁﬁmauardawwaneﬁtothh ddneticinfedRBY switoRifgl

have t he magnet I c_nedia, cont ai ni ng arevr ousl| y stored data, pass thereby

Such 25 Gi ngthe girestion efdlo ife Spbstantially constant magnitiide Wrlle eaITeRt ¢ he
Flux accorrpany' ngmhheermaﬁﬁédlﬁ%a %a&@yﬁrealm@&mammmaﬂ&%mﬁét her

to induce a correspondin
data. Each write current direction transition _results in a reversal of the

magnetization direction, in that portion of the magnet ntedia just then passing by
the transducer during this directional switching of the ¢ :rrent flow, with respect to

15  the magnetization direction in that media induced by he previous in the opposite

direction. In one recording scheme, often termed nonretum-to—zero inverted
(NRZI), each magnetization direction reversal occurrmg over a short portion of the
magnetic media moving past the transducer represents a bmary number system digit
"1", and the lack of any such reversals in that portton represents a binary digit "0".
20 Recovery of such recorded digital data is accomplished through
positioning a retrieval, or "read” magnetic ﬁeld-to-voltage transducer, (which may
be the same as the storage transducer if both of these transducers rely on inductive
coupling between the media fields and the transducer or “head”, is positioned to
tored data, pass thereby. Such
25 passing by of the media adjacent to the transducer permits the flux accompanying

have the magnetic media, containing previously stor

the magnetization reversal regions’ m that media erther to induce a corresponding
voltage pulse in forming an analog output read srgnal for that retrieval transducer
or, alternatively, change a transducer: circuit parameter to thereby provide such an



~vol tlage pulse in form ng an anal og output read signal for that retrieval
transducer or, alternatively, change a transducer circuit paraneter to

t her eby provide such an WO 98/ 03967

PCT/ US97/ 13105 -2- output signal voltage pulse. In the codi ng schene

descri bed abwoesemerh such voltage pulse in the read transdecmusousipst
signal due to the reversal of magnetization directions between adjacent
media portions is taken to represent a binary digit "1", and the absence of
such a pul se in corresponding nedia portions 5 is taken to represent a
binary digit "O'. Digital data nagnetic recordi ng systens have used peak
detection nethods for the detection of zuch voltage pulses in the retrieved
anal og signal as the basis for digitizT g this signal. Such nmethods are

b, on et Bl SR R 1 ol B B A il 2 ¢

§96B t he

retrieved signalvolapel missoinute ica® thins@Bed SbipRe RighdlodR Yo !the 9&vepidl DS O
reconstruct the ti mﬂg i nf.ormati on used in the preceding recording

operation in whiBHneHzAtign directiops betwernadiacent media pogiinns istakendp Jepresedba cr i bed

above. The anal Qﬂnzfrﬂi{g'lte"l@%ﬁ't&”a%kenbéo u‘at{h(ikﬁgctg ﬁgﬁaﬁ&iﬁ%w&‘éﬁgmo%’p

formng a controll ed osci I'Tat or, ase
synchroni zer? vmtﬂk%mtahmeth"OIS timng si gnal or "cl ock"

signal, fromthe positiong,of.,t ted eaks retrleved
signal . Absolute tine is ?o ldgﬁn%% ope ‘Rﬁslfsttg'sd'ét’ea“ﬁ st em
portion since t tmethp@idrdie detwtumgfrmth vomdpﬂsesaﬁ the seteivved ahtlﬁ?sxﬂbtﬂ aflg both
the storage opertgbznﬂa e.retrie é per at onto result in nonuniform
time intervals, QF "HidhietA Wﬁlﬂ‘ffFTﬂY egRasssh 01 determaningawhich ne
vol tage pul ses lp’tal&QnthaH@deM& seREtel ﬁﬂ%oﬁ'tﬂﬂ&brmme that a binary digit “1”
10 related pulse occqrrqd in the retrieved signal, and also us_c.:thc times between those
voltage pulses toreconsn'uct the timing information used iﬂ- the preceding recording
operation in wh1ch the data were stored in the magnetic- medxa as described above.
The analog retmved signal is provided to a phase—lockcd loop forming a controlled
oscillator, or a phase-lock oscillator or synchronizer, wlnch produces an output
15  timing signal, or "clock" signal, from the positions of the detected peaks in this
analog retneved s1gna1 Absolute time is not used in operatmg the data retrieval

system portion smce the speed of the magnetic media vanes over time during both

the storage operatlon and the retrieval operation to result in nonuniform time

intervals, or nonumfonn multiples thereof, occurring bctwecn the voltage pulses in
20  the analog retneved signal.

Thcre is always a desire in magnetic recordmg systems to devote less
of the magnetic medm along a track therein to the storage of a bit to thereby permit
increasing the dens:ty of the bits stored. The use of peak detection places a limit
on the density of bits along a track because i mcreasmg _that density beyond some

25  point will lead to too much intersymbol interference wlnch in turn leads to errors
in the recovery of data using such peak detection meth s. Because of this limit,
recent increases in- bxt densny alongatrackina magneuc medxa have come with the
acceptance of a ‘controlled, or known, amount of mtersymbol interference which,



.There is always a desire in magnetic recording systens to devote | ess of
the magnetic nedia along a track therein to the storage of a bit to thereby
permt increasing the density of the bits stored. The use of peak detection
places a limt on the density of bits along a track because increasing that
density beyondv@esw#9e™ point will lead to too nuch intersy§IIUSInIdLgs
interference which in turn leads to errors in the recovery of data using
such peak detection nmethods Because of this limt, recent increases in bit
density along a track in a nagnetic nedia have come with the acceptance of
a controlled, or known, anount of intersynbol I nterference which, WO
98/ 03967 PCT/ US97/ 13105 -
3- since known, allows detection of the pulses |nvolved desplte this

i nterference. The %ﬁb%%%&& ﬂm‘l Eé}?{t ].g&_ of t he
bi nary bits or sysr%&%g stored 1nt égg%‘gété%@“ma S sarrp V\ntﬁﬂ?he
resul ting sanpl esrehélmgsdnommabgcbutpjt digpaltgeherated ﬁomﬂelbhnnsh@r@mhols t aken
at a.rate which I reth one ul.se rather than the
si ngl e sanpl e per® ?gle&/\ﬂ?%‘ﬁ c‘m%s Pi‘iﬁﬂ%‘bfﬂgﬁ?s“ sﬁ?&?{‘%&%&}?‘{e&ﬁd. f
sanpl i ng was usedmtdngitﬂmtahand&mem;ﬂm taleit ot diracd wﬁarrahds tb @hdre diah ondl y
part of the pul se response, this prﬁ‘cess used in y %m resul t

referring to Suchsampleper pplsesather than éfng}eééﬁahgé" wowd be 'i“ﬁcn’d'éta
magnetic recordi for el &a&ﬁmeﬁs&gawmﬂé@aﬁfemt %mla@ eachﬁﬂ&x(nhﬁ‘ﬂ@imﬂ@a””e'

inthat it is una to transmt very low frequencies, and has an upper
frequency beyond efleess Oﬂb’spﬂﬂr@frtm esponse, atuquq:msu@eqamsysmmu@mt her e

e S Tuoen o PRI bt AR o5 R o pieie 1oL em o enerent s
t hat expected for the data A digitaddata smagnetit teesiding systam cumprises a baAdpass data vel y

sinple parti a10 ' esepnn%?cha\{méﬁn t it is unable:to transmit very low frequencies, and has an

upper frequency"beyond which its iransnﬁssion is also.quite poor. Although there

are a number of possible alternative partial response system arrangements, there is

substantial value in matching the partial response spec;ifum to that expected for the

data to be transmitted in the channel. A relatively simple partial response system

15  that does not rcquire transmissioﬁ ai very low frequéﬂéies is known as a class 4

partial response system, and is typically used in magnetic digital data recording

systems. Such a response is obtained by providing'_.uu. overall channel and filter

response equal to that of the sum of two opposite pola_ifity Nyquist channel impulse

responses separated in time by two sample intervals. Such an arrangement will lead

20 to a filter analog output signal from which ideally can be obtained three alternative

possible sample values of -1, 0 and 1 for an input sxgnal ‘based on binary recorded

data if sampled at appropriate mstants The sequence of resulting samples can be

viewed as compnsmg an mterleavmg of two subsequenccs, one formed of the odd

numbered samples and the other formed of the even numbered samples, in view of

25 each sample value having contnbunons from on!y the cum-,ntly retrieved stored

datum and second preceding datu:n. " e
A read transducer analog output sxgnal '_'_zrovlded through any kind
of a data retrieval channel is subj_ec;_t ,tp:_,.qqntmnmg e,_r__r_or_# therein as a result due to




.15 . that does not require transm ssion at very |low frequencies is known as —

a class 4 partial response system and is typically used in magnetic
digital data recording systenms. Such a response i-s obtai ned by providing an
overall channel and filter response equal to that of the sumof two

opposi te polwe bdmseddyqui st channel i npul se responses separ atred/usa7/iilose by
two sanple intervals. Such an arrangenent will |ead 20 to a filter anal og
out put signal fromwhich ideally can be obtained three alternative possible
sanple values of -1, 0 and 1 for an input signal based on binary recorded
data if sanpled at appropriate instants. The sequence of resulting sanples
can be viewed as conprising an interleaying of two subsequences one forned
of the odd nunbered sanpl es and the ofﬁgr formed of the even nunbered

R current 1y e e pP, B HioR, ABRACofR Bl RbiRbed Bl 00" Y

transducer anal Wmhnd&h@ﬂ&bnmumeteﬂdﬁltﬁebbmbfﬁﬁievﬂl Liheatf eqBal@aiich
retrieval channel P con [ g errors thergln as a result due
to VWO 98/ 039d% msuc at(:imnne top arqu ency 1esponse suite for a class 4 partial

PCT/ US97/ 13105 -rdgpopsé SRannbli 4Hd"\S fuhtef Binead WisforBbhsOWhich WollPbthiwis:

channel nonli neari t I es such as asymmetry, and the [rkke encountereg&‘i n the
course of re¥ridmppsedpn ﬂs&ham@}@aqputmve&mwt cangoit dountermanlineac Histomidnst o

Bnd 10 countor | ORLEIRSRERIGY kit W0 Baf perfs Bbfnety BERE WaGRL 100°,
the channel out presponse &f merhdaqt inputrvabues oH 10ftand "ﬂ\'bnOnmwrcal:hoatoerdﬂsms . One
such nonl near el Bt BapfloSe ViR be b PRl BRI o
such asynmmetry iifi tie M@Hmmﬂmw&swm&bwﬁd@ﬁu@umm%m@sl stive
transducer 10 a magnetization transition from the magnetic media in gog_g from a first state to an
opposite state than when making a transition from an alfelﬁative second state to an
opposite state.
Feedback control systems are typically. used to control the
characteristics of data retrieval channels through estxmaung the errors with respect
15 todmmmdwmmshﬂmcmmmﬂgmmé@mﬂomwmmmsmm@mgﬁmhgphmeennm
and attempting to drive such errors to zero. Such systems which fail to compensate
for channel asymmetry either suffer an undesirable iﬁti_fbduction of bias in the
estimates or an increase the variance of those estimates over what they would be
in the absence of such asymmetry. This result can be shown in connection with the
20 data retrieval portion of a magnetic media digital datastorage system shown in
block diagram form in Figure 1.
In that figure, a magnetic material covered disc, 10, containing
phuralities of magneuzauon direction reversa]s along each of a plurality of more or
less concentric, circular tracks, is ‘rotated past a data retrieval transducer
25  arrangement, 11, or “read head”, posmoned adjacent a selg,cted track by a “head”
positioner and initial signal processor, 12, about 2 spmd1e3 to provide an initial
analog read signal, x(t). This signal is subjected to further processing in a signal
processing block, 14, including linear channel equahzanon The output from signal




in the read head which often provides a different magnitude output when
readi ng 10 a magnetization transition fromthe magnetic nedia in gong
froma first state to an opposite state than when naking a transition from
an alternative second state to an opposite state. Feedback control systens
are typical | y WREP®E control the characteristics of data retfIGT{FR[/13105
channel s through estimating the errors with respect- 15 to desired val ues
in the channel gain, signal offset and sanpling timng phase errors and
attenpting to drive such errors to zero. Such systens which fail to
conpensate for channel asymetry ‘either suffer an undesirable introduction
of bias in the estinmates or an increase_the variance of those estimtes
over what they would be in the absence of such asymretry. This result can
be shown in conneﬁgob&' gng\b' L A i o ' f netic
medi a digital data storag%s??%@ﬁ%ﬁ%%‘ 62&%1-_@%@# o?dm&lan‘?al—:lﬁglgre 1.
In that figure, agsngmplifier, inard than thisssignabds eimplified,1i§ provied & msipual offset

pluralities of ma ' ' [ ' ‘ong each.of a plurality
of nore or |ess cgér%ﬁeéﬁgﬁo}c’?a%elq’r%ﬁ%&%@gég,ﬁﬁdga?%'L.'éamff@ﬂ%aa 82\‘5@1“"”
retrieval transdut®rbaséd on a sanipk gl circhit whivh i§ spetsled BpslsampROsdqhisiiog d

adj acent a selected,track by a " r@awosi tioner and initial signal
processor, 127 abBWing:sigaal pfpvided by prasessing bigek; 14) thatis derixgd omcthey
signal, x(t). Thigﬂﬁﬂ'a id | 1Rt f celid otk N i n a signal
processi ng bl ock, 14, ﬁ%‘i’t&gib’zu&hﬁﬁ!teg&?ctﬁgrﬁg?%g&ﬁawzatlbn. The out put
from si gnal WO 98/ 03967 Consider the received signal y(t) from the data retrieval channel

PCT/ US97/ 13105 -5; dafif [ Hﬁnpl’ S @ﬂ-”%ﬁ . S t),
whi ch is provi dede[{ 0 ag\%grﬁica e éggié%t]érf%l [ ; I er ,g & ancfpy'hlglﬁl cgﬁlggsabs(?ﬁénal ,
as anplified, is hecansedfdopubanalog signal x()f ébeained from the data stored in the magnetic
10 media, being introduced into the class 4 partial response channel with a nonlinear
element or elements therein. Such a channel output signal can then be

approximated to reflect the nonlinearity as
YO =X(0) - € X 0.

15 As seen in the system block diagram shown in Figure 1, this signal
is then subjected to a controlled gain in amplifier 15 and to controlled offset
compensation in adder 16, and thereafter presented to sampler 17 to be sampled
over time in each successive sampling interval T therein to provide samples y(kT)
for use in further signal processing steps with k being a counting integer. If the

20  values of the channel input signal x(t) at sampling times KT are written x(kT), the
normalized versions thereof are defined as [k} and are expected to take the values
1,0 0r -1 as described above. In the circumstance of the gain being 1 and the offset
being 0, the above equation indicates that the samples y{kT] will take the values 1-
oz O OF ~1-Copp, USING the normalized values for input signal x(t)at the sampling

25  instants. However, the signal preserited to sampler 17 is corrupted by noise present
at the sample instants represented byn[kT] Suc_h; ;rgoiséj‘samplcs can be considered
independent random variables at eabil_i%zitmpling mstant havmg a mean value of zero

and a variance of 0>



~ conpensation adder, 16. The output of this adder is then provided to a

- sanpler, 17, based on a sanple and hold circuit which is operated by a
sanpl e acquisition 5 timng signal provided by signal processing bl ock
14 that is derived fromthe sanples provided by sanpler 17 to that signa
processi ng Wooesk3ssonsi der the received signal y(t) from tPET/USITAINSELri eva
channel equalizer in a channel subject to an asymretry nonlinearity which
conmes about because of input analog signal x(t), obtained fromthe data
stored in the nmagnetic 10 medi a, being introduced into the class 4
partial response channel with a nonlinear elenent or elenents therein.
Such a channel output signal can then be approximated to reflect the
nonlinearity as y(t) =x(t)-cl[err]x[err|(t). 15 As seen in

t he system bl ock di agr anﬁm gl i)sﬂ‘,ﬁﬁﬁs S ?p | ' j ected

to a controlled gain in anpli FEFL% an %‘Sdéon rt%qﬁg%bgﬁggg?%%(gnsatlon
in adder 16, anid thheohsmel, shemamplified dnl ampliiern]s, eand Isabjected ao sipmal offscover tine
i n each successive sanmpli.n rv T.therein ta des |l es y(kT) for |,
use in further %q"B)r?ng% ggée? g g%ﬂgn% At %H@Pg gasg eﬁﬁf‘éger. | f

the 20 val ueglinghated i BIBEN K Ithe Ve ofsd @ifrple takén atalT wamstewof' kT are
witten x(kT), the normalized versions thereof are defined as [e [ kK] and

are expect ed t VKEkEe t he val ues 1, 0 or -1 as described above. In t he,
circunstance of the gain being 1 and the offset being O, the above equation

indicates that the sanpl efkTy+ k] =ik} {yMTkaxTie+o/2l Igger;m[k? clerr], or
t

-1-c[err] usi ng the normalized val ues for input 'signal )at the sanpling

noi se. precont ot Rk proptE sbROBR] DRAATTRE o SALT AR ot ekl Sl 0 Y

sanpl.es can be mmpcnsiaoed[h] mdfidEfaethe chaanelan todeiestithated. at each sanpl i ng

I nst ant ha\ibng a nean Val'lllllg of fk‘iroe[l?ﬂd &svarl an&mg f Ig x]hL(axffclcnce
between the sample magnitude value and the anticipated or expected value for that
sample, or

e[k] =s[k] - Payyy-

15  The expected values of s[k] are, in general, denoted p,y, for a particular value of the

input signal and are specifically written as p,, p, and p,,. They can be defined as
P, & anticipated value of samples corresponding to &{k] = 1,
Po & anticipated value of samples corresponding to &(k] = 0, and
p., 4 anticipated value of samples corresponding to f[k] = -1.

20  Intypical feedback control loops for class 4 partial response data retrieval channels,
asymmetry is disregarded and the values for use in those loops are takenas p, =1,
py=0and p, =-1. In an alternative that provides some recognition of asymmetry,
these expected values are taken instead tobe p; =1, p,=0and p,, =-V, with V,
being 2 programmable value which is estimated in an external channel assessment

25 arrangement and inserted for use in the control Joops by intervention of a
microprocessorserving as the overall system controller.

Class 4 partial response data retrieval channels are desirably

operated to minimize the mean square error resulting from the error source sought
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PCT/ US97/ 13105 -6 - Furthernore, the signal is also corrupted by signal
of fset acquired in the channel, then anplified in-anplifier 15, and

subj ected to signal offset conpensation in adder 16. Assuming that the
tim ng phase S¥YQ8#3%fave been elininated in block 14, the valkeamusprssiesanpl e
taken at kT will, instead of being 5 y[kT], be s[-kT] =s[Kk]
:[err][k]{y(kT) + n(kT) +c[err](kT)+ [err][k], where the proper gain
[err][k] = [err][KkT] for the channel and the needed: of fset conpensation
[err][k] = [err][kT] for the channel are to be estimted. 10

The error e[k] = e[kT] in this sanple i g then defined as the difference
bet ween the sanpl e magni t ude val ue and t he anticj pated or expected val ue

for that sample, @ bglbrofied] Khor ardsfi oqufbs fndil Q&__%%ﬁ?ggaﬁgéﬁgeéld#%ﬁe%gl SLQ

are, in general, denoted p[err] for a partic :
and are specifi calsql mgﬂﬁ[@rﬂe} t0 28(0cand jsolyed "Pleatiffitulticiiie findingthb e

def i ned f d
Corr i o Lo L il 8P4 SRRl ol Uadf o© FosBRNTISRR OLESE BRRENTS: e ¢
[ er E] [ k% - 0, andstii{amdre}‘ro['nsalﬂasarhhsns:fopad aptivelpddisting the afdF RVafPd mASRGRJI Ng
to err =

<l oops for class 4

- | db k torol
parti al respor‘?se a"é‘ggu é‘?/éﬂ%ﬁ’ﬁ%@?‘? g?%{ﬁ%\%&t'?r‘;sﬁ ¢ gradigntcdicteind t he

val ues for use i nukddofor the adiBsting the! RhE Fikd to thy enQ[' of ]conﬂp&s%
p[err] = -1. In an alternative that row es sone r__ecog.nltlon asymretry,
these expect ed vaFﬂg%eralséu%wwqrn%eéaem%omsmme._;_. ToE ditectiph oy a feedbatk and

p[err] = -V[err] mobh-mgﬁwh],s M%W%MLMW}% 'tﬁ%lé%lslisrek mat ed

in an external channhel assess rangenen I nser use in
t he control | oopsesimatortignoyiog asyometsly isn i croprocessorserw ng as the overall
system cont rqbl er.

de’k] , 3sik]_
aﬁ[k] Volk] =2efk]—— O] =2¢[k).

Since this gradient is integrated over time and the respl;’ ‘multiplied by a small step

size factor for loop stability to provide the signal to control an offset compensation

adder, the factor 2 can in effect be included in the step size factor. Thus,

15  controlling error due to signal offset is based on a feeﬂﬁack loop forcing the error
to zero. .

This is accomplished in the system of Figure 1 by using a pair of

comparators, 20 and 21, and a source of threshold values, 22, to determine whether

sample valves from sampler 17 are likely to have been intended to have a value of

20 1, 0 or -1, and using that determination to provxde an expected value for the

corresponding sample from a source, 23,t0 a subtr_ or, 24. Each sample form
sampler 17 is provided to the non-inverting input of comparator 20, the inverting
input of comparator 21, and to one input of subtractor 24 A positive threshold
value of one half is provided by source 22 to the mvenmg input of comparator 20
25  and a further threshold value of negative one half is' pplied by source 22 to the
non-inverting input of comparator 21. Samples w1th olues larger than one half
cause comparator 20 to switch its output from a “0" logxc state value to 2 “1" logic
state value and leave a “0" logic state value at the output of comparator 21. This



. Cass 4 partial response data retrieval channels are desirably operated to
mnimze the nmean square error resulting fromthe error source sought WO
98/ 03967 : PCT/ US97/ 13105
-7- to be controlled. Such an effort requires finding the error gradient of
this mean sou@egadoe r or whi ch nust be set to zero and sol vedrnsimeies
difficulties in finding the m ninum nean squared error |eads to instead
using the error gradient of the squared error itself as a basis for
adaptively adjusting the error toward a mnimum5 -~ wthout having to find
a nmean value. This results in a stochastic gradient which is used for the
adj usting the paraneter giving rise to the error orr a conpensator
countering such an error in a directiéﬁ'opposite the error direction in a

f eedback | oop. t i radi ent t he squared err wi th respect to
t he signal offs%&%ﬁr}?%’tﬁ&ﬁﬁeﬁgﬁg‘w&mw&wgr@eSﬂmﬁ@pﬂlﬁpygradi ent
is integrated owsircd 237¢0 thedapuhef subabtér 20Ul tiplied by a small step size

factor for loop stability, to {eov' de the siqgnal to control an offset _
conpensati on adder, the f%csPB‘B ovalug, that,is dess than wegativeongialf pravidescthet ep si ze

factor. Thus, 1Bpposité2e¥ultGh 'gmtﬁégarméaﬁ¥h@o?h&diﬁ&éiteisf@%ﬁgg. aggd on a

f eedback | oop forcing the error to zero. This is aeconplis I'n the system
of Figure 13by ocenditigninsisad eauges a switgha2G toelese toproyide iR expectad samplovalue of

are 1ikely to noyd mepielby ARG B RIFL: QBRRS IR vt RBRE T 21
usi ng that det ethe saatplecis lesothan one half, a0t logizataelvalad dppedroat thé eupetsiofspondi ng
Sample 17om & SQULCe R a4 8 Hesarbyons S NOW B 372 o
inputs, each being connected to a corresponding one of the outouts of comparators
10 20 and 21, will have its output go from a “0" logic state value to a “1" logic state
value to thereby close a further switch, 28. This results in the providing the
expected sample value of O, supplied by source 23, to t_ﬂgfinput of subtractor 24,
The expected sample value selected by one of sthchcs 25, 26 and 28 to be
provided to one of the inputs of subtractor 24 is wbtracted therein from the
15  corresponding sample value in the sequence thereof pmvi&cd to the other input of
that subtractor to yield the corresponding sample error e[k]m the sequence thereof
at the subtractor output. ..
A fractional step size factor is applied in a Step size box, 29, to this
error as necessary for loop stability and the sequence of;‘érrors so formed in this
20 manner is integrated over time in a time integrator, or analog value summer, 30.
The output signal of integrator 30 is then supplied to offsgt.'._"j'i.'::ompensation adder 16
to act toward cancelling the signal offset in the amphﬁedhnear equalizer output
signal supplied from signal proéessing block 14. _
The stochastic gradient of the squared exrorwnth respect to gain error
25  estimator ignoring asymmetry is ik

3, gy - 260 B . s
30 aVglk] = 2e[K] 3800) Ze[k]ﬁ{k]



sanpl'er 17 is provided to the non-inverting input of conparator 20, the

I nverting input of conparator 21, and to one input of subtractor 24. A
positive threshold value of one half is provided by source 22 to the
inverting input of conparator 20 25 and a further threshold val ue of
negative one PP86KUppli ed by source 22 to the non-invert iRCFUISAHA0DS
~conparator 21. Sanples with values |arger than one half cause conparator 20
to switch its output froma "40" logic state value to a "I" logic state
value and leave a "0" logic state value at the output of conparator 21.

Thi s WD 98/ 03967
PCT/ US97/ 13105 -8 - causes a switch, 25, _gqt0 close to provide the expected
sanpl e value of 1, supplied by source 23, to the input of subtractor 24. A

sarsl e Yl e e s s ey S BB W5 OGRS

result in logic states at the ou | npar a
condi ti on i nst ead veliadithe secopd fastor. A@ain; sincel this graglienpis intégiated beereinpemtied

sanpl.e val ue of - ' . . he input of subtractor 24.
T The absolute vale,BUBFnfuRY P whif it vel fclod Sor BB Pl 36 g B .
state val ue appeasignalito téretrod s vipitibke gain dnslific) the TRAGIED GG SffeePbSiMBludekt in! N
this situatio onlg, a N at 27g,ﬁnhav'_n t\:/o | nputs, each bei H@é&m
connected to co#%%?ﬂj%g?ﬂ%°5?@“{9f" Gogro B‘iﬁ?rsd"ﬁftgéﬁ‘ﬂﬁmér’%b ona0 and
21, will have itsfdeuﬁdamooﬁmréiﬁgmﬁmaﬁ&ofmaé&or%h@%]eegpﬁbde&cwan‘i ¢t sighf19i C

state value to thereby close a further switch, 2 Is results I1nthe

provi ding the ex pdalie# samplinednsiants o 2850.0, suppl i ed by source 23, to the
Lol SuPtpacker 22 TNem BSCLAMIRITA R SIS LIRS ¥ £ Rfufke, o, o
i s subtracted thesatiof three switthes, B3, 32 ami83; tssetectivelygtransfeph eergioh € thererioh e
sequence the rl%Of tho%'eg gtdthtte 8uttpu eof%ﬁﬁ?a&:toir QH% a R\frthcr step- size block, 34, to apply a
fractional step size factor for loop stability. Switch 31 is controlled by the same
signal as switch 25, and so transmits the error unchanged if the sample value
exceeded one haif to thus behave as though transmitting the error multiplied by the
expected input signal value at sampling of 1. Similarly, Switch 32 is controlled by
15 the same signal as switch 26, and so permits transmission the if the sample value
was less than negative one half, but only after the error has passed through an
analog inverter, 35, to change its algebraic sign, to thus behave as though

transmitting the error multiplied by the expected input signal value at sampling of

-1. Finally, switch 33 is controlled by the same signal as switch 28, but transmits

20 the expected value of zero supplied from source 23 if the sample absolute value

was less than one half, to thus behave as though transmitting the error multiplied

by the expected input signal value at sampling of 0. '

The effective error and expected input signal value product signal

provided to step size block 34 has a fractional step size applied to it in that block

25 which transmits the result to a time integrator, or analog value summer, 36. The

resulting signal is provided to the gain control input of variable gain amplifier 15

to control the amplification of the channel signal supplied to the signal input of
amplifier 15 by signal processing block 14.



,that subtractor to yield the corresponding sanple error e[k] in the
sequence thereof at the subtractor output. A fractional step size factor is
applied in a step size box, 29, to this error as necessary for |oop
stability and the sequence of errors so forned in this 20 manner is
integrated owemsA3sse in a tine integrator, or anal og val ue pewoss713188€. The
out put signal of integrator 30 is then supplied to offset conpensation
adder 16 to act toward cancelling the signal offset in the anplified |inear
equal i zer output signal supplied from signal processing block 14. The
stochastic gradient of the squared error with respect to gain error 25
estimator ignoring asymmetry is [err] WO 98/ 03967

PCT/ US97/ 13105 -9- after substituting'ﬂﬁe expected i nput signal val ue at

sanmpling for the actual s | e Vtﬁ';k’q%gi n the second factor. Again, since
this gradient is integrat dHheusl bagk loopp just deseribed in gannestipe withyghea sl |

step size fact Orgykghh of Pightre 3 ligtd| S,,y,m% h&gf’mf ' ntrol a

vari abl e gain arrsi)l | f iogr, thﬁ?@%sor ﬁ‘%g{]tﬁ%/n fec &Ibtggwg&%cﬁ“ﬂf% t he
step size factorpresqahdethecdnt regievalchannel opvegthelessaffgets rthey behavidt ofithese based
on a feedback | f O ChaR: 0, f.th rror-and the expected
channel i nput siqglr;g;f &a‘h%%%?gs aﬁbﬁ?%’p?ﬁ%ﬁtgg‘f’g’ @892'573391' g;a&:gms to

acconpl i shedSi n zeteeresnjtingcfor the siadoffset conbry] 106ys; iiiaving fthe dxbestedSwaluedf e €€

switches, 31, 32 and 33, to selectively transfer a version of the error 10
provided at the %Wgwgﬁ?ﬁ’?%’te&""ﬂ to a further step size block, 34,

to apply a fractional step size factor for loop stability. Switch 31 is
controlled by the sane E{Vo[k]} =E(e[k]} =0.

If the probability of an input signal value at sampling of 1 is P(1), the probability
10 of an input signal value at sampling of 0 is P(0) and the probability of an input
signal value at sampling of -1 is P(-1), this expectation can be written as

E{e[k]} =E{ slk]g[k} 'pg[g]) =E{ (s[k]gm -1 " Papy .-.3)P(l)
+ (s[klgm =0 'ljmq:o)P(o)
+ (S[k]ﬂk] «-1 " Papg- _I)P("l))
‘5 =E({{P(D){(BIKI{1 -C, ) +DIK]} +0 g K] + O] - 1))
+PO){{&[k){0 +n[k]} +c _, [K] +6[k] -0} }
+P(-D{{8k}H -1-c,,.) +niK]} +c o [K}+0[k] +1}} })})

=E{{8KI{P(1) ~P(-1) +[ - P(1) - P(-1)]C, )}

+[P(1) +P(0) + P(- D]E[k]In[K]
20 +[P(1) +P(0) +P(-D){c g, K] +10[k]} - P(1) +P(-1)} }.

Since P(1) = P(-1) and P(1) + P(0) + P(-1) = 1,

E{elk} =E{ 2K + gIKJulk] +,g,,[K] +30K]}

25 =§{k] C,,;mm +C m[k] +6[k]



signal as switch 25, and so transmits the error unchanged if the sanple

val ue exceeded one half to thus behave as though transmtting the error
“multiplied by the expected input signal value at sanmpling of 1. Simlarly,
Switch 32 is controlled by 15 the sane signal as switch 26, and so
permts transnmWassMI’he if the sanple val ue was | ess than neS&TUSEV/SHS
hal f, but only after the error has passed through an anal og inverter, 35,
to change its algebraic sign, to thus behave as though transmtting the
error multiplied by the expected i nput signal value at sanpling of -1.
Finally, swtch 33 is controlled by the sane signal as swtch 28, but
transmts 20 t he expected val ue of zerfy supplied fromsource 23 if the
sanpl e absol ute value was | ess than one half, to thus behave as though
transmitting the e i epchyn;gg? i i . t
sanpling of O. The%er??eegltﬁ?%/g%dﬁr or an éxgggﬁ%&%ﬁ%dﬁﬁ H?@n%ﬂ@/%@e%g’?’%duct
si gnal provided toresultpinsshowilg the loff3et doapensafor awill iimtroglnces inep tiei sighabhpfidet €d t 0
it in that block 25 V\/rH'?ch transpits the result to a tinme integrator, or
anal og val ue sunmefomEEsa Hé°°rPéE"uY‘{erng signal is provided to the gain
control input of variable gain anplifier 15 to control the anplification of
t he channel signal supplied to the Sigﬂg_[k]-l-ﬂﬂﬂt-c&]:a anplifier 15 by signal
processi ng bl o€k 14. WD 98/ 03967 2 ‘
PCT/ US97/ 13105 - 1Q5 relilif il aSinrhdtRy taSRORAG L 9903 1h Hﬁfreﬁﬁﬁ% Eblﬁﬁé%émn.
connection with the systemof Figure 1 ignore asymetry 1h the design
t hereof, the asymmetry act udorg in-gradient tof rerodesulis in bavingtheexpettad mae
nevert hel ess affec Lar. . of s, As described above, the
| oops act to for ce%‘lﬁ%@%@%@%g%&aﬁgcoégglaﬁ?@ngg&6“%’“ zero resulting, for
the signal. offset control |oop, in having the expected val ue of the
E{Vg} =E(&[k]e[k]} =0.

10
This expectation can be written as
E(&1Kle[k]} = E{RIKI(5[K]y ~Py)
=E{(1 (s[k]g"d =1 pgn:j-;_ |)P( 1)
+ O(S__[k]gm =0 ~Papy -0’P(0)
15 —1(slklyy - -3 =Py - -)P(-D)}

=E{{{PO){{2k}H1-c,,,.) +nlk]) +Cog [K] + OK] - 1}}
=P(-D{{BE) -1 =C,pp) +0IK]} +C g afk] +0[KI +1}) 1))

=EB{{8k]{P(1) +P(-1) +[-P(1) + P(-Dlc ...}
20 +[P(1) - P(-1))gik]n[k] _
+[P(1) - P(~1)}{C 5,,[K] +OfK]} ~P(1) ~P(-1}}}.

Since P(1) = P(-1),

E(8[Ke[K1} =gIKIP(1) + P(-1)] - P(1) - P(-1).

25  Setting this result to zero as indicated above results in'showing the loop forces the
gain to a normalized gain value of 1, that is § - 1. _f-?_I_'hus, the gain control loop
results in an unbiased normalized gain despite the as}_r’_mmetry present in the data
retrieval channel. |



correspondi ng gradient be zero, or E{[err]o[k]} =E{e[k]} =0. If the
" probability of an input signal value at sanpling of 1 is P(l), the
probability 10 of an input signal value at sanpling of 0 is P(O and the
probability of an input signal value at sanpling of -1 is P(-1), this
expect ati onwoasdser Wwitten as E{e[k]} E{s[k][err] -P[err]}prcrrnigogasies|err]
=[err] - p[err])P(l) + (s[k][err]-P[err])P(0) + (s[k][err] - Plerr])P(-1)]
1 =E{({[P(1){{[err][kI{1-c[err])+n[k]} + c[err][k] + [err][k] -
{{[err][k]{O+n[k]} +c[err][k] +[err][k] -0}} +P(-1){
(-1-c[err])+n[k]} +c[err][k]+[err][k]+ 1}}}})

[KI{P(l)-P(-1)+[ -P(l)-P(-1)]1clerr]) + [P(l) +P(OQ +P(-

kIn[k] 20 + EPEE) + P(O + P(-1)]{c[err][K]
]

LTI FoP(L) PO oS3 Ry Birobbocs 3 eiebbe vapide i vl D =
PCT/ US97/ 13105 gainlchnroliddp. mmea@scmuaw&eﬁﬁﬁgrmfﬂﬁs forbdd tobd 273 S resul t

to zero as indicated above results in show ng the offset conpensator wll
i ntroduce i nt o Rythe gaiypentrobjoop.dhe vasiapeeforthe gainjgradignt e val ue [err] to

result in a asymmetry based bias value added in the resulting conpensati on.
Forcing the gain grati{en} =E4(VeeEIVERR)+ EHVE AORRVE(@gihe expected val ue
S
=B{{ {16kl ., ~Pygyg=1) 2P
+{ O(S[k]gm =0 pgm =0_) } 2'P(O)
+{-1 (s[k]g|k]=-1 -pﬂnpl)}’-])(—])”

=E{{P(1) ({21K} 1 - C,ypppp) +0lK]} +C g, [K] + 0K] =1} 2
10 AP RN ~ 1 =€y +BIK]} +C g [K] +00K] +1})2 )}

If the gain control loop has forced the normalized gain to 1 and the signal offset
control loop has forced the offset compensation to the value given above, this
becomes

s Var(Vg) =P(1)E((- °";"“' (k)P +P(-1)E{(—i‘-§£-‘“-+n[k])’}

=[P(1) +P(-JE{(- °";"“ +0[k]?)

2

“[P(1) +P(-DIBI =22 -, +0 (K]}

20  which, for the noise being of zero mean value with a variance of o, gives

Var{Vg) = [P(1) + P(-DI=2 + )

Thus, the presence of a term involving the asymmetry coefficient indicates an
increase in the variance of the gain gradient due to asymmetry in the data retrieval

25  channel
Although the variance due to noise can be halved by using the two
most recent gain gradient values in a two point moving average estimate, the
asymmetry contribution to the gain gradient variance remams present in a pattern



of that gradient, in the gain control |oop, being zero, or 10

E{[err]g} =E{[err][k]e[k]} =0. This expectation can be witten as

. E{[err][kle[k]}=E{[err][Kk](s[k][err] - p[err])} =E{1(s[k][err] -

- plerr])P(1) + O(s[k][err] - Plerr])P(0) -1(s[k][err] - Plerr])P(-1)} =E{ {
C {P(1){{[err][kWaosapesrr])+n[ k]} +c[err][k] + [err][k] - 1}} PCIUSII3105

C -PC-1){{[err][K]{ -1 -c[err])+n[Kk])+ c[err][Kk] + [err[K] + 1}} }}}
=E-{{[err][k]{P(l) +P(- 1) + [-P(l) -+ P(- 1)]c[err]} 20

+ [P(1) -P(- 1)][err][kln[k] + [P(l) -P(-1)]{cl[err][k] +[err][k]} -P(l)
-P(- 1)}}. Since P(1) =P(-1), E([err][k]le[k]} =[err][K][P(l) +P(-1)] -P(l)
-P(-1), 25 Setting this result to zer-l3as i ndi cated above results in
showi ng the | oop forces the gain to a normalized gain value of 1, that is
[err] - 1. Thus, tdepegéammmdrrShcdcssqaposmmmdnegatnravﬂntdm&sm@ﬂﬂwhsﬂed

eval ch I
gain despite the agymret ioving WEERES Sstimte Wil 1610 t6 cance the acymetty OQREFHUIEDH 13105

-12- However, thi St&@ﬁﬂ'@%ﬂ%ﬂn@@ﬁm&raﬂagww&nﬂd 18/¢6fribfte t&'fhaddi N
control |oop. Since the expected val ue of t ai ni:grradient is forced to be
zero by the gain cvariapes. Thysshere jsa desire @ﬁeélgitdrdweuvgml ehapnel ¢haragteristics

Vi
_EE E % g: : % gg fort %]( % CESi] sfstent t6 pEovideCibre) neaffy %ﬁrﬁﬁl] &annepﬁlﬁ "ahd Jsignal offset

performance in the presence of channel asymmetry; F "_:_r_thermore, there is a desire
to provide such a control system in an all, or né: : ya]], analog form to avoid
needing to provnde digital registers for this purbbsé and the corresponding
operating delays and increase in power oonsumpuon
10 BRIEF SUMMARY OF THE INVENTION

The present invention provides a sngnal conditioning system for
controlling characteristics of an analog signal obtq:_ne_d_ from magnetically stored
data througha :data retrieval channel that asymmemcally affects analog signal
magnitudes, there being a variable gain amphﬁeand a compensation adder

15 connected series between the channel and a sampl -An expected sample value

source provides expected value signals representativ .0f magnitude values in the
analog signal is expected to have at least at some of saxd sampling instants. An
error determiner determines differences between the sziinples taken by the sampler
and correspondmg ones of the plurality of expecte ] value signals to provide a
20 sequence of error values. An error segregator forms subsequcnces of the error
sequence with at least one subsequence of errors correspondmg to those samples
which represent magnitudes of the analog signal substannally unaffected by said
asymmetry provided at said compensation output theréof and one or more other
subsequences of errors corresponding to those samples wlnch represent magnitudes
25  of said signal substantially affected by-said asymmetry ; A compensation combiner

provides a combination of at least some of the unaffectcd subsequence of errors to

the analog combiner, and a control combiner provxdmg a combination of at Jeast

some of the affected subsequence of errors to thevanable gain amplifier.



= EBH{ (1(s[k

1lerr] - plerr] ) }[err]P(1) +{Q(s[k] - p[err])}[err]P(0)
=E{{{P(1)({[err][k]{1-c[err])+n[k]}+ c[err][Kk]+[err][k]-1}}[err] 10
+P(-1){{[err][K]{ -1 -c[err])+n[k]} +(Jerr][k] +[err]+1})[err])}}. If the
gain control |oop has forced the normalized gain to 1 and the signal offset
control | oowgdwamaderr ced the of fset conpensation to the val eeT@sya3iesbove,
this becones [err] 20 whi ch for the noise being of zero nean value with
a variance of [err][err], gives [err] Thus, the presence of a term
i nvol ving the asymretry coefficient indicates an increase in the variance
of the gain gradient due to asymmetry in the data retrieval 25 channel .
Al t hough the variance due to noi se can be hal ved by using the two nost
recent gain gradient values in a two ‘pB‘i'nt novi ng average estimate, the

asymmetry contribution tqQ.the gain gradi ent,. varj ance remains present in a
pa%/t ern y VO 98/ 03967 QI'WO su%equenges ca.n%e fomcdl l%(?le error segregart)or each

PCT/ US97/ 13105 c&ﬁs%diﬂﬂgm&fesm BEWhiCIPHEpPeRE ia\BrrBpdhding Ragiitldd ive
val ued sanples as _the basis for ?he novi ng averag?pgstigr/mte will tend to

cancel the asynWialogsignshsybstantially affecied b thg asymmgteicand then selected versiopait ot her
2 dosi re for a of oREPOIE ah Rk Sihciulite ot Brokfbie Wbined Wide b (U7,
system to piSovi pmviding themeta theycontpil combinerh An asimnsparycombitesscopibires af baset
per formance 1 Lhe BLEIeRS i He SHBRA ShroPRMIEY and b VS BPin (L © 1 © 2
expected sample value source for use in forming expected value signals
representative of at least some magnitude values the analog signal
BRIEF DESCRIPTION OF THE DRAWINGS
10 " Figure 1 shows a block diagram of a system used to control
characteristics of an analog signal, o
Figure 2 shows a mixed block and logic diagram of a system used
to control characteristics of an analog signal embodying.the present invention,
Figure 3 shows a mixed block and logic diagram of a subsystem
15  used in the system of Figure 2, and .
Figure 4 shows a block diagram of a subsystem used in the system
of Figure 2.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
As previously indicated, the feedback control loops controlling some
20 of the characteristics of the digital data retrieval channel in‘a magnetic data storage
system are operated to be optimal in the sense of minimizing the square of the
sample error in a stochastic gradient algorithm based iiﬁi)iiémentaﬁon. However,.
the sample error can be considered as three different errors each associated with
one of the expected ideal sample values of 1, 0 and -1 which occur in the channel
. 25 input signal at the sampling instants. Such error attributions can then be used
separately in some combination for controlling the feedback Joops. The sample
squared error is written generally as o



.to provide such a control systemin an all, or nearly all, analog formto
avoid needing to provide digital registers for this purpose and the
correspondi ng operating delays and increase in power consunption. 10

BRI EF SUMVARY OF THE | NVENTI ON The present invention provides a signal

condi ti oni ng Wosw®A7or control | ing characteristics of an anBFHYSEAJHA
obtai ned frommmgnetically stored data through a data retrieval channel

that asynmmetrically affects anal og signal magnitudes, there being a
variable gain anplifier and a conpensation adder 15 connected series

bet ween the channel and a sanpler. An expected sanpl e val ue source provides
expected val ue signals representative of,.nmagnitude val ues in the anal og
signal is expected to have at | east at'ggﬁe of said sanpling instants. An
error determ ner determ nes differences between the sanples taken by the
sanpler and correspondi ngeqlaﬁs(smj_{, he;z;)*é[g]@[kjynmj) expected val ue signals
to provide a 20 sequence of er rot¥values. An erropngeare ator forns
subsequences of the error sequence with at | eastCwné E@Bguq ence of errors
correspondi ng to those sanples which represent nagnitudes of the anal og

si gnal substanti ajddfhs Bette sBiarScPérfors Spedifillysesue Yordach élpe&ad falue
conpensati on output thereotf, and one or npbre other subsequences of errors

cor r espondi ng5t o efthe ehabpehinpatsignal althe sampling-instanth afigi t udes 25 of said
signal substantially affected by said asymetry. A conpensation conbi ner
provi des a conbi nati on of _ 5t 80 _the ected subsequence of
errors to the anal og conbelfﬁ"gr’,(s?'gf\cflg Zgwﬁéolcﬂm#b%ﬂ} r provi dzi ng a

combi nation of at |east some of the affected subd€guet®Bl thlerrors to the

variable gain anplifier. WD 98/ 03967
PCT/ US97/ 13105 - 14-
10 | ealw) = (s[w] - p)* = {RIwln[w]
+C gy +OIW] - )2
and
15 &2 [v]=(s[v] - p_, P = {BIVI(-1 ~C,yp, *2IVD)

*Cogren *OIVI-p_, 12

where u, w and v are counting integers associated with samples corresponding to
input signal values of 1, 0 and -1 at the sampling instants, respectively.
A review of the foregoing specific squared errors shows the one
20  associated with the expected ideal sample value of 0, e, involves the signal offset
and the signal offset compensation terms but not the asymmetry coefficient. Thus,
the samples associated the expected ideal sample value of zero can be used by
themselves to operate the signal offset control loop without introducing bias due
to asymmetry. The offset gradient with respect to this squared error for expected
25 sample values of 0 is

degw] _ ds[w}
Fo0w] 4 Vo [w]=2e [w] S0Tw]

=2e [w].




~ Two-subsequences can be forned in the error segregator each correspondi ng
to those sanpl es which represent a correspondi ng nmagni tude of the anal og
signal substantially affected by the asymmetry and then sel ected versions
of those errors in each affected subsequence of errors are conbined prior
to 5 pr owvdbgig@eéhem to the control conbiner. An asymet reCTosalianes
conbi nes at |east sone of the errors in the affected error subsequence and
provides the result to the expected sanple val ue source for use in formng
expected val ue signals representative of at |east sone magnitude val ues the
anal og signal BRI EF DESCRI PTI ON OF THE DRAW NGS 10 Figure 1
shows a bl ock diagram of a system used;k0 control. characteristics of an
anal og signal, Figure 2 shows a m xed block and | ogic diagran1of a system

used to control ﬁﬂ:keﬁﬁc resent
I nvention, Fi gur'lghtag ﬁﬁ%ﬁ‘g am xe‘%gg?ﬁltﬁ)gghgafe?&ggafﬁ 9‘3 aFt yst em 15
used in the Sy s tespected ifpug sigoal Xalue arsafpling keing (sin ahesseq hgcmbeof a

subsystem used in TA| : CRI PI ON

PREFERRED EI\/BO:)I“I@\Wg %mﬁ%@gbﬁﬁﬁ%@*#E‘éaﬂg‘gﬁ‘ﬂgﬁfpﬁ?ﬁg"m’ | oops
control | i ng son&hadsen for dbop Babilitya(imn eihichi thé ifatoro abdve isliabéokild) did @imeet ri eval
channel in a magnetic data stora&e system are operat ed to be optimal in the

sense of i m nmi ZptegraedetosRrowide 6 "tsWE‘ElH BH“F‘SIO fisigng] affsefc s 19oPgr adi ent

al gorithm based alcéﬂﬁégfi@@flﬁtrbﬁﬂb B e cqnsi dered
as three different errors each gssom ate (t)ﬁ one’: oﬁw{ﬁ@cgp‘gct edﬁl deal
sanpl e val ues ofthe megn aﬁ@enmswlslzem mﬂdiﬂnn imposechemedakenfrom the gbavesi gnal

at the sanpling rrar attributions can then be used
separately in so ﬁﬁo n%lser?éﬁé or%ﬁ'ﬁﬁtrol ling the feedback | oops. The

sanpl e squared err or i s wiThe remainiuptwvoedaimplesguared en'ors equat:ons above for the

10  expected input signal values at sampling of 1 and - l_:_myolve the corresponding

expected sample values p, and p,, which values can be':iidjusted in magnitude to

counter the asymmetry encountered in the channel. An, estnnate for the asymmetry

is introduced into these squared ersors equations for th:s purpose of compensating

for the asymmetry coefficient contribution occumng therem which are the only

15 errors in connection with which the asymmetry occurs in any event. This

introduction will have no effect on the signal offset 1oop performance since it uses

only the samples when the expected input signal valne :'t sampling is 0, i.e. the

asymmetry coefficient does not appear in the equation for e0 nor do p, and p,, but

only p,. The sample squared error value in this smxanon of jointly using the

20  samples obtained when the expected input signal value at sampling is 1 or -1
becomes

e/ 0] + e [v]= {B[0.VI(1 ~Cpyppp, +DIVD*Copry + o[uvl+ efu,v}-p,)?
+{BoVI-1 -, +0IVD+C g, +8fu,v] +€[uv] -p_, >

25 The gain gradient with respect to this sampling error is found as
before as o

e Tu] +e2[v])
ogfu,v]

a Vg’ - 1.["‘1,"]_ :. . |



WD 98/ 03967 _
PCT/ US97/ 13105 - 15- e[err][k] =(s[k] - Plerr])[err]= {[err][K](y[k] +
n[k]) + Cerr] +[err][k] -p[err]}[err], and the correspondi ng squared
errors specifically set out for each expected value 5 of the channel

i nput si gnal WOPMMTanpling instants are e[err][u] =(s[u] - pcEuspy{aosr]
={[err][u] (1 -c[err] +n[u]) + Cferr] + [err][u] - plerr]}[err], 10
eferr][w = (s[wW - p[err])[err] = {[err][Wn[w +Cerr] +[err][w
-p[err])[err] and 15 e[err][v] =(s[v] =
pl[err])[err]={[err][v](-I-c[err] +n[v]) + c[err]+[err][v] p[err]}[err],
where u, w and v are counting integers aﬁlsomat ed with sanples
correspondl ng to input signal val ues of” 0 and -1 at the sanpling
instants, respectively. A review of the foregoing speC|f|c squared errors
shows the one 20 associated with the expedpd+edpg) sanmple value of O
e[err], involves the signal offs&gegdnb+eflaDst ;}' - et conpensation terms

but not the asymetry coefficient th :-_a" associ ated the
expected ideal sanple val ue of ze?%ﬁggﬁ]ﬂae %33 ‘{)xetlhemsel ves to operate
the signal of f set ag@iubsBlutih©MP exdebe® itpul sidaPehiifel 3t Sand

try
The of f set gradl ent with respect to this square er _--'or for expec e
sanpl e val uesdof VRlyesin(thersegond factors in each term. |

Thus, the error subsequence, developed on the basis of samples

occurring for the input signal values at sampling bemg 1 or -1, has each member
thereof in a product with the corresponding input 31gna1 value to form a product
sequence that is used to control the gain loop by subjectmg it to a fractional step
10 size factor chosen for loop stability and then time mtegratmg the result to provide
£[v,v] as an unbiased estimate of the gain. This ga:n control loop accomplishes
this result by forcing this product sequence toward zero to provide the operating
condition of E{e,[u]x[ul,.; + e,{VIX[V] ,.,} = 0. Assummg that the signal offset
has been removed by the signal offset Ioop and generatmg initial values p, = 1 and
15  p,=-1, thiscondition using e, and e, obtained from the. equatlon fore? +e? yields

E{1{g[u,vI(1 - Cpsyma +2IU]) + E[0,V] -1]
- 18[uvI(- 1 - ¢, 0, +0fV]) +2fu,v] +1]) =0.

This condition shows the loop forces g[u,v] - las desired. Although not
20 calculated here, the gain gradient variance is not mcreased asymptotically due to

asymmetry in this gain control loop.
The asymmetry gradient with rf.',sp’et:tE ‘to the sampling error
associated with the expected input signal value at samplmg oflor-lis

a(e, fu) e-,[V])
25 atfu,v}

ave, , [“'Y_]__’j

ae,[ul+e v
E T

=2(e,[u] +e_,{v])
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PCT/ US97/ 13105 - 16- Thus, the error subsequence devel oped on the basis of
sanpl es occurring for the expected input signal value at sanpling being O
in the sequence of sanples can be used to control the signal offset |oop by

subj ecti ng wjo és3deyf racti onal step size factor chosen for IlppRussiraiosl ity
(in which the factor 2 above is absorbed) and tine 5 integrated to

provide [err][k] as an unbi ased estimte of signal offset. This | oop
acconplishes this result by forcing this error toward zero to provide
E{e[err]} = 0. If the mean of the noise is zero, this condition inposed on
e[err] taken fromthe above equation for e[err] gives [err][w = -c[err]
The remaining two sanpl e squared error&equations above for the 10
expected i nput signal values at sanpling of 1 and -1 involve the
correspondi ng eXEstthe e ybiequence daveloped pn the hasippfsampleshecurringfouthe can be

adj usted i n magnl : t grmgrgg n ' channel .
An estimte for%?%%@séwg}ﬁm%%% uce in%ﬁt‘% ?ﬁkeﬂgiécelgsgﬂédr%&l@f%rs
equations for tRFynpetnRstimation looprpy subjectingit fooa fradtional stepiize factarahbdenci ent
contribution oc LN i are the I eryors [ n connection
with which the g@’{x%ﬁt‘“’?{ﬁ&f&ﬁ‘} g#ﬁ“%?‘%m%ﬁﬁ%%i‘%ﬂ%‘{%‘{mdh 2§30 have
no effect orf t hestingeof the hiyamiettyao RAjRQ theuffebiMROaRES6RD, hid pises only the

sanpl es when the expected_jinput signal value at sanpling is 0, i.e. the
asymmetry coefficient doemgWEH‘ﬁﬂéWHORhﬁl’é‘ﬁ’ﬂ&‘l’l’%ﬁl@ﬁe@{‘wﬂ}fcﬂar do

plerr] and p[er idis Refor @6 2droRh Provide thedperating @on?lﬂiéﬂ%??(@rlﬁ]oi eVRyPEe d.n this
situation of jointly using the 20 sanpl es obt al ne en tNe expect ed

i nput si gnal valAssuming 8gaip thahthe isignal offiset has bego semaved by the) sigrpl offevioop[ v] =
0110 a4 et ) o)
[err][u,vI-Werr])[err]  Eligluv( -c,,,, +nolul) +&fu,v] - 1)
+[gluvi(-1- Cosymm *ALVD +C{u,v] + 1]} =0.
This result with the noise having a zero mean value shows that the loop acts to
force & ~ B[, V]ICyymm OF 10 Cypm if the gain control loop forces gfu,v] - 1.
This arrangement, as can be seen by reviewing the condition

15  equations for the gain control and asymmetry estimation loops, results in the
expected saniple values for the input signal at the sampling instants being 1 or -1
becoming 1-€ and -1-€ rather than being the initially generated values of 1 and -1.
That is, rather than having the initially generated values of p,= 1 and p,, = -1, we
instead effectively have p, = 1-€ and p, = -1-¢ in completing the asymmetry

20  estimation loop. Thus, implementing the asymmetry loop requires a subtractor in
the expected sample values source to subtract the asymmetry estimate from the
generated values 1 and -1. A Viterbi detector uses the expected sample values in
forming branch metrics, and thus needs to have this asymmetry estimate provided
thereto to achieve optimum detection.

25 If instead of combining the asymmetry estimate directly with the
assumed sample values of 1 and -1 corresponding to the expected input signal
values at sampling being 1 or -1 in completing the asymmetry estimation loop, an
addition to that loop can provide these expected sample values as



25 - The gain gradient with respect to this sanpling error is
found as before as [err] WO 98/ 03967

PCT/ US97/ 13105 - 17 - [err] again substituting the expected input signal

val ue at sanpling for the actual sanple 5 value in the second factors in
each term ThY¥O9%/M0386%rror subsequence, devel oped on the basiPETHSIYENH es
occurring for the input signal values at sanpling being 1 or -1, has each
menber thereof in a product with the correspondi ng i-nput signal value to
forma product sequence that is used to control the gain |oop by subjecting
it to a fractional step 10 size factor chosen for:loop stability and
then time integrating the result to prqvgde [err][u,v] as an unbi ased
estimate of the gain. This gain control |oop acconplishes this result by
forcing this product sequence toward zero to provide the operating

condition of E{e[err][u]lx[u][err] ﬁbﬂ@ﬁmvﬂqi‘[ﬂiﬁ”]} = 0. Assumi ng that
y the signdl ©

the signal offset has been renoved fset | oop and generating
initial val ues p[%@{] = 1 and 15 Plerr] = -1, this condition using
e[err] and [err] ained fromthe equation for e[ferr] + e[err] yields
E{1[[err][u,v](1l-c[err] + n[u]) +[err]Ju,v] -1] -1[[err][u,Vv](-1-c[err]+
n[v]) + [err][v]) + [err][u,v] + R}FRl M{cbnti2élon shows the | oop
forces [err][d,v] - 1 as desired. Al though not 20 cal cul ated here, the
gain gradient variance is not increased asynptotically due to asymmetry in

this gain control_ |oop. The asymretry gradient with respect to the sanpling
error In the situation in which ¢, > 0, the error expectation equation above for the

asymmetry loop becomes

E{[8uv)(1 -, +nfu]) - 1]
10 +{&fuvi(-T-c, ., +0lV]) - (-1~ 28[u,v]} =0

which yields € - g[u,viC,y,, thereby providing an:unbiased estimate of the
asymmetry with an arbitrary gain. The error expectdti__(in equation above for the
gain control loop becomes

E{1{8(u,vI(1 -c, ., +0lul) + -1]
15 -1V 1 -c, o, +alv]) + (-1 -28[u,v]]} =0

10 yield £k] - 1 + € or, using the value for £ above in this situation, the value for
the gain estimate becomes g[k] = 1/(1-C ). Thus, there will be sufficient gain
applied for the obtained samples intended to have a value _c_:_f 1 to be at that expected
20  value therefor. On the other hand, the obtained samples intended to have a value
of -1 will have a gain applied thereto sufficient to assure that they are of a value
more negative than -1 which will have little effect on error rate in a Viterbi detector
designed on the basis of the expected of such samples being -1. ‘The corresponding
feedback Joops do not introduce amplitade modulation, and minimize the variance
25 of the estimates to just that arising from noise thhout a contribution from
asymmetry.
In the alternative situation, Cp,, < 0._-:5.1'1d the error expectation
equation above for the asymmetry loop becomes



. associated with the expected input signal value at sanpling of 1 or -1 is
[err] WD 98/ 03967

PCT/ US97/ 13105 - 18 - Thus, the error subsequence devel oped on the basis of
sanpl es -occurring for the expected i nput signal values at sanpling being 1
or -1 can bwowsesbéto control the asymetry estination | oopPOTUSAIIB®St i ng it
to a fractional step size factor chosen for loop stability and then tine
integrating the result to provide [err][u,v] as an 5 estimate of the
asymmetry to adjust the effective values of p[err] and p[err]. This
asymetry estimation | oop acconplishes this result by forcing this error to
zero to provide the operating conditio ﬂ%of E(e[err][u] + e[err][v]) = 0.
Assumi ng again that the signal offset”fias been renoved by the signal offset

| oop and generating initial vaI ues p[err] =1 and p[err] = -1, this
condition yields 10 ([[ [_ Vhérd < [err]+n[u])
+lerr][u,v] - 1] +[[err][u, v] gi%]élﬁf‘gj‘“‘r L)l{ b"é['vg,v] + 1]} =0. This
result with the noise hawnga ¥ )so that the loop acts to

force [err] - [err][u v]c[err]or to c[err]lf the gain control |oop forces

[err][u,v] - 1. ondi tion
15 equat i ons ati?lgkgal n gg y?ﬁ%g%n Q%MEI ‘f"%?‘gﬁ‘%%g‘é'ﬁ results
in the expeét edcelarqill@p\mmm for the |nput signal at the sanpling instants
being 1 or -1 becom ng 1- [err and -1-[er rather_than being the initially
generated val ues of 1 and E“ BinxiQ ‘§w&ﬂl‘!§)*tﬂa‘r¥ehh‘(ﬂblng the initially
gener at ed val ues of p = | aﬁd[ﬁ[w](r]l —tnm]“m[od)fh}%@ad ef fectively have

DLt Tt on | oop 10 PRGEIHA T3 &tefssghe ALl A o W Bosten dor Ve for

subtractor in the gain estimate becomes gk} = 1/(1+C,,). The same beneficial results are
10 found in this asymmetry situation as were found in the pre\uous situation.

“Thus, the minimom of the absolute value of the means of the sample

value of samples occurring for corresponding input mgnalvalues at sampling of 1

or -1 is known because those values have been predetemﬁﬁéd to be one. A Viterbi

‘detector to which these samples are provided can thus achieve near optimal

15  performance by relying on the absolute values of me.n_i_@_agn sample values being

one, in forming the branch metrics therein, without the need for obtaining an

asymmetry estimate from the asymmetry feedback loop.. Tlus is so since greater

absolute values for either of the actual sample means for samples intended to have

values of 1 or -1 does not affect the detector error rate very significantly, Forcing

20  the gain to be minimally enough for the mean value of samples intended to have

the value of 1 or for the mean value of samples intended to ‘have the value of -1 to

reach that value, with only the other reaching beyond its corr sponding one of these

values, not only allows the Viterbi detector to use both 1 and -1 in forming branch

metrics without undue error but also keeps the magmmderange between sample

25 extremes sufficiently small for the analog-to-digital converter used after sampler
17 ahead of the detector.

Figure 2 shows a mixed block and logic diagram of the data retrieval

portion of a magnetic media digital data storage system mththese above described




.t he &xpected sanple val ues source to subtract the asymmetry estinate from
the generated values | and - 1. A Viterbi detector uses the expected sanple
values in form ng branch netrics, and thus needs to have this asynmetry
estimate provided thereto to achi eve optimum detection. 25

I f instead of WShIBOAAQg t he asymretry estimate directly w th POWUSSHIANSd
sanpl e values of 1 and -1 corresponding to the expected input signal values
at sanpling being 1 or - 1 in conpleting the asymetry estimtion |oop, an

addition to that |loop can provide these expected sanpl e val ues as WO

98/ 03967 PCT/ US97/ 13105
-19- p[err] =MAXIMM1, 1 2[err]} and pl.eqr] =M NFMUM -1, -1-2[err]). In the
situation in which c[err]> 0, the error expectation equation above for the

i?{grfiEﬁ Lf?plbgfg?ﬁ?mfﬁ?%] -1 2[er§r?5 %T?nﬂ&kkﬁuéﬁfylg?d% r -
[err][u,vlc[err] tlﬂ@“éb‘}‘c rdph@ndmmhmnamwmﬁwwmemmﬂmmry
Sont ol ?I)S'pt bocore bl sl Bois o Rt b H¥l 20 R00 0 e symiem "
-1[g[u, v] (-1 -c[ ershpwaripwh} ble(ckkhagi‘zimruf]ﬂigu;e/]l] }nd=ﬂm§63poflt16ilsl|reiﬂ el dakrle€r 1] 1
for the gain bt APE A dBNERatprs I Fitbre 2 a et gl fipm Rt LSk, el | b
gain esti e
sufficient gain digital data retrieval or read channel portion from Figure 1 beginning at magnetic
media disc 10 and continving through sampler 17 is again present in the system of
Figure 2. In addition, the samples magnitude range classifier providing the basis
for determining whether a received sample was int_ended to have a value of 1,0 or
10 -1, formed by comparators 20, 21, threshold value source 22 and NOR gate 27, is
again used.
Also present again in the system of Figure 2 is the error determiner
arrangement involving expected sample value source 23 (modified here as will be
“described below and therefore now designated 23"), switches 25, 26 and 28, and
15 subtractor 24 at the output of which the sample error sequence is provided. Step
size factor applying block 29 and time integrator 30 for the signal offset loop are
again present as are step size factor applying block 34 and time integrator 36 for the
gain control loop. In addition, the intended sample value multiplier involving
switches 31, 32 and 33 along with analog inverter 35 is again used.
20 A logic inverter, 40, is added at the output of NOR gate 27 to
provide an inverted signal that has a “1” logical value whenever the output of gate
27 is a “0" logical value, and vice versa. Thus, the outﬁ}xt signal of logical inverter
40 has a “1" logical value whenever a received sampie has been determined by the
range classifier to have been intended to have other than a zero value. This output
25  signal from logical inverter 40 is u#ed toclose a sthch, 41, which thus provides
a zero value generated by the expected sample valué--'sbprce 23’ to fractional step
size factor applying block 29 whenef_ver received samples have been determined by
the range classifier to have been inte;:nded to have valh;§{;of 1 or -1 while a further



_applied for the obtained sanples intended to have a value of 1 to be at

t hat expected 20 val ue therefor. On the other hand, the obtained sanples
i ntended to have a val ue of. Il will have a gain applied thereto sufficient
to assure that they are of a value nore negative than -1 which will have
little ef fechw®sngdsgror rate in a Viterbi detector designed @eriRenBesi s of
the expected of such sanples being -1. The correspondi ng feedback | oops do
not introduce anplitude nodul'ation, and mininze the variance 25 of the
estimates to just that arising fromnoise w thout a:contribution from
asymmetry. In the alternative situation, c[err] <.0, and the error
expectati on equati on above for the asy try loop becones WO 98/ 03967
PCT/ US97/ 13105 -20 - E{[[err][u,Vv](1- CFgE + nfu]l) -(1 -2[err][u,vV]]

+ 1-

(ETT T et - ohliehl o i bty ol AP 0E S0 b bt b 7
control I oop beccsmhau:sbmbsuawgscuwwhneumeawr)_f {Flogralitndd v, V1)
si g ¢ val s 745 VPEeT: Mt i atelsrmipad foseve oh &pmméé% o
usi n \ u I
estimate becomes [er ][kl fnhsfasechbfibicobe, heGifpubd " s

Hist s are
10 found in_this asynnetry-situation as were foung-: in t%e reV| ous

situation. Thhs, terdogmahvaineef " which isyisedyoelose suitahed2do- ﬂ%mﬁbml@fahmhe
sanpl e val ue of r r d pu val ues at
sanpling of 1 or -S@nggaﬁrfﬁnﬁ\%ecagsgeﬂt agfsbg ‘3’2{}9’3 hﬁ%ﬁ/ga'beiennﬂﬁge 2t & ned to
be one. A Vit er bisubseguence of: the error sequence provided at the output of subtractor 24 is
provided to block 29. Thus, as indicated above, the feedback control loop for
controlling sxgnal oﬁset is now operated by errors detenmned in subtractor 40 for

10 only received samples which are determined by the range classifier to have an

intended value of zero in accord with the offset control loop description above for

providing such a: loop free of bias due to asymmetry in the read signal received by
sampler 17. |

The product sequence having its members formed by the errors in

15 the error sequence provided by subtractor 24, as eﬁ'ecuvely multipled by the

intended vatue of the corresponding sample as determmed by the range classifier,

is supplied ﬁ'omﬂsealtematwe outputs of switches 31, 32 and 33 to a gain gradient

operation block, 43." In addition, the zero expected-__s‘éinple value is provided by

source 23’ to gamfgfadient operation block 43, as;s the output signal of logical

20  inverter 40 that -as describe above, takes on a loglcal:'value of “1" whenever the

intended values of the received samples are found by the range classifier to be 1 or

Pnrther the system clock provided by sxgnal processing block 14 to
initiate the acqmsxtlon of the taking of each sample ampler 17 is also provided

25 to the clock i mpnt of aD-type, edge-tnggered ﬂJp-ﬂo 4. The negated output of
flip-flop 44 is gp__r_;nected ina feedbeck-conﬁgura;; to-the input thereof so that
flip-flop 44 provides at each of its outputs a cloc nal at half the frequency of

the system clock signal with these two flip-flop output signals alternating between



.detector to which these sanples are provided can thus achi eve near opti nal
15 performance by relying on the absol ute values of the nean sanple

val ues being one, in formng the branch nmetrics therein, wthout the need
for obtaining an asymmetry estimate fromthe asymretry feedback | oop. This
i's so since gMxBM39Ibsol ute val ues for either of the actual PERMSPEIIMSans
for sanples intended to have values of 1 or -1 does not affect the detector
error rate very significantly. Forcing 20 the gain to be mnimally enough
for the nean value of sanples intended to have the value of 1 or for the
mean val ue of sanples intended to have the value of -1 to reach that val ue,
with only the other reaching beyond its_gprresponding one of these val ues,
not only allows the Viterbi detector to use both 1 and -1 in form ng branch

Cample 25 ot 1 oA d, BRI 0P Wb g e R Vb Wieh ey B 2"

converter used af wgpositarnalues This,cthe twio ofitpuhsigniist af flipflop B4 gre such tihans a

m xed bl ock and | qQqi ' am of..the data retri.eval partion.of. a nagnetic
medi a digital dat %&fﬂﬁdfgﬁlgﬁg&% érrP@ﬁ‘g‘”t LRVED IS _:iﬁb‘g@ﬁ?’t}%‘ﬂd"wﬁp / 03967
PCT/ US97/ 13105 - 27 whilerthe othelow) vided I6gicul Wthe CHuRkesd for ithd oddSingexe8d 1 ol

| oops inpl emented i r:va sel_gct ed pm‘ri]:'rl;‘sr herei n f.or:-a_channel _exhibiting
asymretry in gf f o STPRICH REPY %ﬁﬁg&ﬂ%&o fYen clagk signad gad-thisodd clogkgigRal t he

system shown in Faglyoth gro¢idbd adiéhtbﬁé‘raﬁdfﬁﬁl@dﬁ‘ého"‘“ in the block
di agram of Figure 1, and those gor lons retain the sane 5 nuneri cal

designations in Figure 2 a meslation ofrgaingsadisnh opargfinneblack 4Blyshowntie
010 A1 U o S BT o5 AT
in the system of from flip-flop 44 is provided at the second from the bottom input terminal on the

10 left in Figure 3 to the input of an AND logic gate, 50. Similarly, the even clock
signal, 44", from flip-flop 44 is provided at the upper input terminal on the left in
Figure 3 to the input of a further AND logic gate, 51. Each of the other inputs of
AND logic gates 50 and 51 are connected to the second mput terminal from the top
on the left in Figure 3 which receives the output s’ign@iipf logical inverter 40.

15 As a result, the output of AND logic g'ate,;so is a logical value of “0"
unless the odd clock signal has a logical value of “I* and there has also been
received a sample for which the intended value has been determined by the range
classifier to equai 1 or -1. In this last circumstance, the output value of logic gate
50 switches to a “1" logic value. Similarly, the output of logic gate 51 has a logic

20  value of “0" unless the even clock signal has 2 “1" logncal value and a received
sample has been found to have an intended logic value of either 1 or -1. In this last
circumstance, too, the output value of logic gate 51 '

to a logic value of “1".
The output of logic gate 50 is connec to the clocking input of a
sample-and-hold circuit, 52, and the output of logic gate 51 is connected to the
25 clocking input of a further sample-and-hold CITCInt, 53.- The signal inputs of both
sample-and-hold circuits 52 and 53 are connected | recewe the expected sample
ed-at the outputs of switches 31,

32 and 33 which signal is also provided to an analo er, 54. Thus, the value




~Figure 2. In addition, the sanples magnitude range classifier providing the
" basis for determ ning whether a received sanple was intended to have a
value of 1,0 or 10 -1, formed by conparators 20, 21, threshold val ue
source 22 and NOR gate 27, is again used. Al so present again in the system
of Figure 2 weosbmerrror determ ner arrangenent involving eqyasswtdiganpl e
val ue source 23 (nodified here as will be described bel ow and therefore now
designated 23'), switches 25, 26 and 28, and 15 subtractor 24 at the

out put of which the sanple error sequence is provided. Step size factor
applying block 29 and tinme integrator 30 for the signal offset |oop are
again present as are step size factor iﬁ? ying block 34 and tine integrator
36 for the gain control |oop. In additi t he i ntended sanpl e val ue

mul tiplier involving swtches 31, 3 3 along with anal g |nverter 35
is again used. 28f § a Product in the seq % R’e d"'& Jalvgand e

out put of nga&&:&ﬁowrﬁ#m dfMéMgl%mlsstmﬁimﬁr&a ved 0Qi cal
val ue whenever the output of gate 27 is a "0" |ogical value, and vice

versa. Thus, thesmplqaepmytdg mswégut@hqaddﬁ@&wmworsm@dmtowcal

val ue V\/nenever a gﬁﬂ%lgg

classifier to hae‘tra en |n eni égjtoﬁlnave oﬂﬁ% an- @gbgﬁgﬁ%ﬁo%

out put 25 $i gnastep Sieof factor applyingblecki3dr 40 is used to close a switch, 41,
whi ch thus provides a zerq.va eper at ed t he e ec anpl e _yal ue
source 23' to fractional Mgg gv’ft‘i@?iﬂ"ﬁ% ﬁ%éﬁﬂﬁgﬁw

recei ved sanpl es ahfhdd &G 53 by icsame o1 ﬂhgi&bﬂuéﬂ&%mﬁbﬂiﬁ%ﬁﬂﬁ}at&%hﬁve been
i ntended to have values of 1 or - 1 while a further - WD 98/03967

PCT/ US97/ 13105 - Sizects fjmpleand-hold P@“ﬁé&tm 81982 prpduct valye-c imilatly, switgh 55 o
the output signals Qfitci@i @ febeive stored product values from sample-and-hold circuit 53 by
10 the same “1" logic valne at the output of AND gate 51 that directs sample-and-hold
circuit §3 to stote. a'product value. However, the product values provided for

currently received samples are only selectively stored in sample-and—hold circuits
52 and 53, and switch 55 is similarly- only selectively connected to the outputs of
these circuits. Only those product values are stored in sa__mple-and-hold circuit 52

15 for received samplés which occur when the 0dd clock has a logical value of “1" and
which are determined to be samples that were intended to have a value of either 1
or -1. Similarly, the product values corresponding to the others of such samples
found to have those intended vaiues and which occur vghen the even clock has a
logical value of “1" are stored in sample-and-hold circuit 53.

20 The. output of switch' 55 is always connecmd to the middle input
terminal of that switch to receive the estimated sample value of zero supphed
thereto from the mlddle operation: block input termmal on the left from expected
sample value source 23', unless dn'ected to be connected to one of the other two
switch input terminals. Because sw:tch 55is controlled by the output signals of

25  logic gates 50 and 51, switch 55 takes : stored value ﬁ'om one of sample-and-hold
circuits 52 and 53 at only those tune the next signal is to be stored in that sample-
and-hold circuit as determmed byits. corrcspondmg AND logxc gate.




Switch 41 is opened by a logical "0" value in the output signal of |ogical

I nverter 40 whenever a received sanple is determned to have an intended
val ue of zero. In this | ast circumstance, the output signal of NOR gate 27
switches 5 to a logical value of "I" which is used to close switch 42 to
al l ow that san¥P&3%Te to reach fractional step size factor BPHVSHTAYOD| ock
29. In this manner, a subsequence of the error sequence provided at the

out put of subtractor 24 is provi ded to bl ock 29. Thiis, as indicated above,

t he feedback control |oop for controlling signal offset I S now operated by
errors determned in subtractor 40 for 10 only received sanples which
are determned by the range classifier tgshave an i-nt ended val ue of zero in
accord with the offset control |oop descrlptlon above for providing such a

| oop free of bias due to asmdaiealawehscmpma&bo&eaﬂﬁﬁﬁt@%mmp' er

17. The product sequence having its nenbers forned he errors 1n 15

the error sequence&hppngle VbMW&%PBﬁWWWWCMI ibsland by

the intended val ug, &TQQJ' ?ﬁm, e ange
classifier, is supp(Tgﬁe Wr omt ternafive outputs o g\nﬁ?@f%ge&em{d% and
33 to a gain gradiisdex ﬂp}plestthmnmbmomnbmal tdgaﬂaem:i(foﬁn die, full eequente ofdpact ed
sanpl e value is provided sour 3 ai n_gr adi:ent eration bIock 43,
as is the outplt %F (ﬁ'\é‘ﬁg?af IOfths““ﬁW@ %3“th3¥13 algge; form

above, takes on adxamecagwahuereﬁ&vaibhmﬁaew&e shiliflcd BRAKACn \CatH 65 thef the

received sanples are found by the range classifier:to be 1 or Further t he
syst em cl ock prow"d"él!l @a%qebﬁ‘éﬂthb‘fecféﬂ%"é‘?%@‘lﬁﬁ efgithen T o%;-1i alfernateria algpbraic

acqui sition of thg gﬁesgmfs ed 25
to the cl ock |nput of a D-typ ge- tr| ggere |"?§“%ﬁ7"&“§“§ﬁ’%&rﬁé‘5¥*§gat ed
out put of flip-fl spmple vah:e@odnmeltmduqt\vdw mwmmegm eloclois atlded ine
i nput thereofyso0 tt}@&n I f 1 put.s a cl ock
si gnal at haI ét he é’é&gﬁc%?“%eﬂs nﬁrg% I Eﬂaﬁ“h@t}%t% @?
flip-flop out put girodurt valed associated wghlth&mnlock which mvolves an expected value
sample of opposite algebraic sign, a two-point movmg,_gverage of summed pairs of
such product values is provided associated with the even clock. A similar two-

point moving average of summed pairs of such product values is provided
15  associated with the odd clock. Thus, the output of su:;j'ner 54 is an interleaving of
these even and odd clock associated two-point movmg averages.

As a result, the noise in ail of the summer 54 output sequence
summed pair members is effectively averaged over two product values to reduce
the variance of the summer output sequence due to nonse by a half. Furthermore,

20 the addition of the two consecutive product val__p_es _;pyp_lvmg samples of opposite

algebraic sign results in tending to cancel the asymmetry reflected in those sample

values, and in a pattern independent manner. This rediices the variance in the gain
gradient estimate due to asymmetry, and so in the g""':'":"'

The asymmetry estimate mmr_ol:_';__‘_loo_p_= s a further addition in the

25  system of Figure 2 to that which was shown in thc yetem of Figure 1. A switch,

control loop.

60, to control the transmission of the sample « erro__ '}:connected to the output of
subtractor 24. A further switch, 61, to control traxism:ss:on of the expected sample
value zero is connected to expectcd sample valne source 23’ Both of switches 60



WD 98/ 03967 PCT/ US97/ 13105
- 23 - logical "1" and "0" val ues but each having either such val ue when
the other has the opposite value. Thus, the two output signals of flip-flop
44 are such that one provides |ogical value "1" pul ses for the even indexed
sanpl es provweagedngy sanpl er 17 whil e the other output provieesusogswsl

val ue "1" pulses for the odd i ndexed 5 sanpl es provi ded by sanpler 17.
This even clock signal and this odd clock signal arée both provided to gain
gradi ent operation block 43. An inplenentation of gain gradient operation
bl ock 43 is shown in the m xed | ogic and bl ock diagram set out in Figure 3.
The odd clock signal, 44", fromflip-flop 44 is provided at the second from
t he bottom i nput terminal on the 10 426+ in Figure 3 to the input of an
AND | ogic gate, 50. Simlarly, the even clock signal, 44", fromflip-flop
44 is provided amﬁbarapbemmemt%frmmsmm @faPPIMngbwg@?-eWB!Cbo t he

t of furthgr ND
061 ¢ gat 65 50 an BIorle s BBEt e EFG, of SRIOHsHBhel, 83, N0} o

1 érnm na romthe
top on the |eft tsrcdﬁlrglle(bbsathnlmutmt sngnéloﬁkrgldahmvmﬂpmsoshagmah cloked anjy cal

I nverter 40. 15 su the outbut of AN | O |c gate 50
S a | ogi cal val Hrgegfampjes ‘i&’ﬁ'i‘%‘%%“?"r“é‘"ﬁ‘&&eé“r"l} Efuﬂ?fg O val ue
of "1" and tlser eniidandhtestcl ¥aMe bET 6f mecswznoﬁemm«bnirenemlm fowdemded

val ue has been determ ned by the ralrl%e classifier to equal or -1. In this

| ast ci r cunst ancat the speLAf AR lpgic gated7 and §p és clpse ‘Eoﬁbm%ﬁ@?“féﬂ@k 1"
logic value. Si m&erzémnemewweh 1&&&@% ﬁax&aatem"eiof%& a3 Jh val ue

of "0" unless the even clock signal has a "I" |ogical value and a recelved
sanpl e has been mﬂeemwmmmmwdmmmmwmmmm -1. In

2 Sgi o Val e of THEHHESty kAL yitRord th U e 4TS i 4 Ao B fprihp 10 1 ©
cl ocki ng i ndé othatcontribute to:the estimate of asymmetry provided by this feedback loop. These
errors, after having the step size fraction applied thereto in block 62, are provided
to-integrator 63 the result of which is supplied to expectet"i"?sample value source 23,
Expected sample value amuz ZSanmmm:21mudy
generated the expected sample values of 1,0 and -1 expected for the channel input
15  signalat the sampling instants. Those values are still genetated in expected sample
value source 23‘mthesystemofFigure 2, and thevaluezeromused directly in the
system of Figure 2 as described above. However, a further subsystem is added in
source 23’ in connectlon with the generatmn of the expected values for the input
signal to the channel at the samplmg instants when they are expected to be 1 and
20  -1. This additional subsystem is shown in Figure 4 where the generated value of
1 is applied totheuppermputtemnnal 64, on theileft. Thegenerated value of -1
is applied to the lower input termmal, 65, on the left m that figure. The output of
integrator 63 is the asymmetry estmate ¢ which i ts supphed to the middle input
terminal on the left in Figure 4 which i is thereafter mult:phed by -2 in an amplifying
25  analog inverter, 66. '
The output ofmverter 66 is apphed o mputs of a pair of summers,
67 and 68. Summer 67 receives -2 c ﬁ'om the output of inverter 66 and the value
-1 from input terminal 65 to form the combmatmn 1-25 at the output thereof which

-6r—r




sanple-and-hold circuit, 52, and the output of logic gate 51 is connected
to the 25 cl ocking input of a further sanple-and-hold circuit, 53. The
signal inputs of both sanple-and-hold circuits 52 and 53 are connected to
receive the expected sanple value and error product subsequence signal
provi ded at thwoostgéts of switches 31, 32 and 33 which si gnaPCTUSH1Es
provided to an anal og sunmmer, 54. Thus, the value WD 98/03967

PCT/ US97/ 13105 -24 - of a product in the sequence thereof of an effective
i nt ended sanpl e val ue and corresponding error fromany of switches 31, 32
and 33 for a currently received sanple is provided to sumrer 54 to be added
to whatever is provided also to that sumpy- froma switch, 55, with the
resulting sumthen being sent on to fractional 5 step size of factor
appl yi ng bl ock 34. mﬂéﬁﬁlﬁht&ﬁc@xﬁpmﬁ,ﬁbedthmvminputslimﬁ.d'memmfmﬁﬂues
from sanpl e- and-hold circuit 52 by the sape "1" |ogi.c value at the out put
of AND gate 50 t hatermginglgs %WJWHQH‘BW&WPW@@?‘B“&‘PB?% a product
value. Simlarly, switch 55 t _ ﬁ'ﬂ’tff'sm\ilﬂe es
from sanpl e-and-hol d circuit 53 Ele ]C'g%bph@dﬁ gﬁfﬁgsm&@gﬁeﬂﬁva ue atpt he
out put of AND gat e6sandhmbmbdr\wxﬂxesatppteilamtenéﬁmntomdauthewetlo%atdh% a

product val ue. Fbmever t he .pr oV I I ved
sanpl es are onI s QVRH% Wéﬁm‘ ?%%J |n saﬁ% [eiténgl% f"g{'%%cwuﬁag %?@%‘S 53,
and switch 55 ls deimiuﬁitblg70nﬂ}m9ﬂhed:tissupbl;edcfmmmphedrﬂumlt6halsom fhetoonof
these circuits. é hose oduct vaéﬂes are stored in sanpl e-and-hol d

circuit 52 15 d’°§’8#ﬁ¥°§ whi ch occur when the odd cl ock has a
| ogi cal value of "I " and whhﬁbdm@tste&wemfnﬁﬁoh%mmlmﬁbﬁimww
i ntended to have a val ue of either or -1. Simlarly, the product val ues

corresponding to t mml%ammcﬂ- SEhesugpnt of summer 67, -1-2¢, is also provided to
10  another input of multiplexer 71. Further, the output of-:comparator 69 is provided
to the selector input of multiplexer 71 to determine which of the two signal inputs
will be connected to the output thereof. Thus, if -1 e_:tceeds -1-2€, comparator 69
will cause multiplexer 71 to select the input allowing -1-2¢ to appear at the output
thereof. If, on the other hand, -1-2¢ exceeds the véﬁlue of -1, comparator 69 will
15  cause selector 71 to select the input allowing -1 to appear at the output thereof.

A similar arrangement is provided in: connection with summer 68
and comparator 70. The vaiue 1 from terminal 64.is additionally applied to an
input of a further multiplexer, 72, and the output: of summer 68 is additionally
provided to the other input of that multiplexer. Comparator 70 has the output
20 thereof connected to the selector input of mulnplexer 72 to determine which of the
two signal inputs will be connected to the output thereof Hence, should the value
1 exceed the value of 1-2¢, comparator 70 will cause selector 72 to connect the

input thereof to the output allowing 1 to appear at the 6mput On the other hand,
should 1-2¢ exceed the value 1, comparator 70 will cause selector 72 to connect the

25 mput thereof to its output which allows the value 1-26 to appear at the output.
These results are in accord with the equations above for p, and p,,

set out in connection with the second asymmetry estxmatmg loop described there.
This loop uses a selection system t0 select between the values 1 and 1-2C, and



found to have those intended val ues and whi ch occur when the even cl ock has
a logical value of "1" are stored in sanple-and-hold circuit 53. 20

The output of switch 55 is always connected to the mddle input term nal of
that switch to receive the estimted sanple value of zero supplied thereto
fromthe ni ddY@%¥47ati on bl ock input terninal on the left fpcgrse et ed
sanpl e val ue source 23', unless directed to be connected to one of the
other two switch input term nals. Because switch 55 is controlled by the
out put signals of 25 | ogic gates 50 and 51, switch 55 takes a stored

val ue fromone of sanple-and-hold ciruits 52 and 53 at only those tines the
next signal is to be stored in that sanple- and-hold circuit as determ ned
by its corresponding AND | ogi c gate. -28AD 98/03967 -

PCT/ US97/ 13105 - - i ndi cate bove, a _class 4 partial response digita
data retrieval cﬁéﬁﬁ%’l ﬁﬁ“%aiéﬂfﬂg%mﬁmdmcwmmmemﬁmt rom
considered to be an interlgge f : e of even  index sanpl es
wi th the subsequence, of odd%ggyspgﬁ%?e@é?ﬂgy?%%%&@g%ﬁﬁ@@’F@&'@Pﬁer,
formthe full selfuRrgiesredembgdiments, workenskilled in Fheodrt wil reCephire that Chipes

interl eave sequepapte i for .dicode digital data retrieva
channel , and_the, samﬁgg%ﬁgﬂ%g%%@@éHEM@% éﬂgt@ﬁmtﬁﬂmm have
expect ed val des #B¥ensionher 1 or -1 alternate in algebraic sign in the
correspondi ng subsequence. Since each current nonzero expected sanpl e val ue
and error product value associated wth the even clock is added in 10
summer 54 to the previously stored nonzero expected sanple val ue and error
product val ue associated with the even cl ock which involves an expected

val ue sanpl e of opposite al gebraic sign, a two-point noving average of
sumed pairs of



such:product values is provided associated with the even clock. A simlar
two- point moving average of summed pairs of such product values is
provided 15 associ at ed W|th the odd clock. Thus, the output of sumer 54
is an interleaving of the | ock associ ated two-point noving
averages. As aMOS8@8967 t I "ﬁumﬁm the sumer 54 out pBET/EFIENE e
summed pair nenbers is ef f&ctS vély"aVEra'ged over two product values to
reduce the variance of the sumrer output sequence due to noise by a half.
Furthernore, 20 the addition of the two consecutive product val ues

i nvol ving sanpl es of opposite algebraic sign results in tending to cancel
the asymetry reflected in those sanple \glues, and.-in a pattern

i ndependent manner. This reduces the vari@nce in the gain gradient estinate
due to asynmetry, ?ﬂﬁpﬁ@ln the gain control |oop. The asynmmetry estinate
control loop is a Tur |)add|t|on in the 25 system of Figure 2 to that
whi ch was shown inlthe syst eksighaliconditienidg sy@teﬁWotcdmtroﬁihg chﬁ'aaezliﬂhts)bfirhe

transm ssion of the |l e,error.i.s connect to the 0 subtractor
24. A further swit gg@gm* ["rf"(?ﬁ? Wﬁ?fé‘ﬁ*ﬁg ‘S ;tat e‘{?f
val ue zero is connasamaats , Qﬂfe&ﬁﬁ)h@gnitﬂddd%f%ﬂﬂ%ﬂo@@xgml%d’sﬁfem

swi tches 60 WO 98/ 03967
PCT/ US97/ 13105 - 26C0mPEisWES1 are al so connected to a fractional step size

factor applying box, 62, whigg t;ﬂf]:” '

I ntegrator, or anal og sunmer, haéigﬂ’g %w?gokﬁﬁﬁ E%ﬁ(ﬁa Inﬁgtz ut
signal of |ogical inverter 40 socumaelandalmltpmmﬂd:nkmmeMasaiamegmn
currently received have been det r.a c] assifier

have an intended val ue of 1 or E&B%?’Wg% g"é@ﬁﬁ'ﬁ@e"d‘%a’?qéav&g@nal
provi ded at the out put of NOR Iogmmrogﬁpmf(ﬂ'%ﬂr&hganamtﬁde@wﬁgmﬂproﬁmn t he
current sample at said output thereof wlnch are representative of signals

occurring at said input thereof, and an analog combiner,
having an output and havmgboth a signal input and a
compensation input such thatsxgnals occurring on said
output thereof are representative of signals occurring on said
inputs thereof combined, smdvanable gain amplifier and
analog combiner having saxdsxgnal inputs and outputs
thereof coupled in series with said analog link input and
output; .

a sampler having an input coupled tosmd analog link output and an
output, said sampler sampling sxgnals occurring at said input
thereof at corresponding sainplmg instants to provide a
sequence of samples represema ‘ve of said signals occumng
at said input thereof; |

an expected sample value souroehavmg a plurality of outputs at
each of which an dxpiectédﬁf;value signal is provided
representative ofa magmtu; __zvaluc said analog signal is
expected to have at least at some of said sampling instants
to thereby form a plural_nt}_f smd expected value signals;




I s determ ned.to have been intended to have a value of zero. Thus, only
" those sanple errors corresponding to received sanpl es that have been
determned to be intended to have a value of-1 or -1 are used to forma
subsequence of error val ues 10 that contribute to the estinmte of

asymret ry py@/dsessrby thi smmnmnlumu hese errors, af pervbsmisng t he

step size fraction applled are prOV|ded to integrator
63 the result of which is" sdppfleb t' expected sanpl e val ue source 23
Expect ed sanpl e val ue source 23 in Figure 2 nerely generated the expected
sanple values of 1,0 and -1 expected for the channel input 15 signal at
the sanpling instants. Those values arggstill generated in expected sanple
val ue source 23" in the systemof Figure 2, and the vaIue zero is used

directly in the system ofa,ﬁ,,gyrd@mgnﬁ&ﬂeﬁ rasggﬂ:%gy Lurther

subsystemis added in source 23" 1In connectlon w th- thg generat| n of the
expected val ues for the input alitpptand ayalupénpoticonpled:ta said icapestedysainp

i nstants when they are expecte 1. Thi.s. a tlonal
subsystemis shown in Figure 4 &@%Mﬂ?f&“&“&f%ﬂﬁ%ﬁ DSplied to
the upper input termnal, 64, teowidpe sdi fshmpldd) @and) O LESD bﬁdng/aglnwaopfsml S
oUrput of integrator 63 is  nPMEAPRAEERIES heE ke Bopla i p eets PerSifppl | cd
out put of integrator is pplie

to the mddle input termnal opnelte left in Fi gure 4 which is thereafter

mul tiplied by -2 in an anplifying 25 anal og inverter, 66. The output of
inverter 66 is applied tommmm&hwgﬁ“@mﬂm%)sa@'ﬁf@ﬁéﬂwmﬁummr 67

e e T or e o Rkl UG oAbl ST 10

WO 98/ 03967 output and a control output, said.error segregatoPfoTmid§07/ 13105

-27 - subsequences of said error sequence with at least one said
subsequence of errors correspondiug to those said samples
in said sequence thereof which represent magnitudes of said
analog signal substantially unaﬁ‘ected by said asymmetry
provided at said compensation output thereof and with at
Jeast one other said subsequence | of errors corresponding to
those said samples in said sequen_ce thereof which represent
magnitudes of said analog signal substantially affected by
said asymmetry provided at said control output thereof;

a compensation combiner having an input coupled to said error
segregator compensation output. and an output coupled to
said analog combiner compensatxon input, said
compensation combiner provxdmg a combmanon of at least
some of said unaffected subscquence
thereof;, and o

a control combiner having an input couple to said error segregator

errors at said output

control output and an output. coupled to said variable gain

amplifier control input, said c_pn_ combiner providing a




.is supplied to a conparator, 69, at the inverting input thereof. The val ue
-1 fromtermnal 65 is also applied to the non-inverting input of
conparator 69. The value 1 is suppliedf+remimput 64 to another input of
sunmer 68 and conbined with the output of ter 66 to provide the value
1-2[err] at twe9Be396put put the m‘\“ |ﬂ MW ‘I s suppl i ed tRCVBW71IPRIti ng
I nput of a further conparator, -1.S supplied frominput
termnal 64 also to the non- |n\f'ert| ng |nput of conparator 70. In addition,
the value of -1 fromtermnal 65 is further provided to an input of a

mul tipl exer, 71. The output of sunmer 67, -1-2[err]; is also provided to 10
anot her |nput of nultiplexer 71. Further3 t he out put of conparator 69 is
provided to the selector input of nultiplexer 71 to deternine which of the

two signal inputs will be conne éfgﬁnh@ t

exceeds - 1 -2[err], corrparator8 W Pogauskeﬁrgr‘ij%l*ph%eger g%e%uepwct t he
i nput allowing -1-2[err] to appefaerrm&attshiﬂwtpnpﬂﬁrebf]ereof on t he other
hand, -1-2[err] exceeds th aI ue, of (‘lo ara 69 wi | | 15 cause
selector 71 to sefect the | 6\)?'4‘1@ ZHeBMRLPIYIdEs fvo

thereof. A siml agubwqﬁmeﬂardrse&h%ﬁuspdﬂdngmﬁ&arsﬁetsm Pled'inshid SegiRee 68 and
conparator 70. The value 1l fromtermnal 64 is addltlonal lé applied to an

i nput of a f urt hethereaf Whighe gepresentoa Wﬂ%@n& angieg jsignal

he
addi tionall'y provg \ﬁ"s&:d ator 70
has the output 20 u%atg'hereg'?&con to the %e@go%k?éﬁgéﬁ%'gf]% I pl exer
72 to determ ne wirfors iméachhaffectad subspquénce o etrarsvprior to providing: themdattsaidt he
out put thereof. I—&Q O“zm he value 1 exceed the value of 1-2[err],
conparator 70 wi | seleCtor 72 to connect the input thereof to the
out put allow ng 13.to appeafl‘hatpphﬂamsoﬂﬂah:tl wlﬂtﬂshdemebedshnpldwalmkci
1-2[err] exceed the val u conp cayse sel ector t
connect the 25 l?aﬁ[ﬁ?tm{’ éﬁ‘fe“?’(ﬁgﬂ%{g &Pdﬁi\%m H‘Qﬁl“&%“tﬂé’”&&%lﬁé‘%
1-2[err] to appeaik !{bmtpwmgfa'ﬁfhﬁpﬁtdmwﬁ‘@r&an dehe

equati ons above for err]_and p[err] set out I n coAnection wt he second
asymetry esti mat E&xpgceadoto have at least'at some of said samp

instants, and further comprising an asymmetry comqu_g_er_ having an input coupled
to said error segregator control output and an outp_i_x_t'-_f-coupled to said expected
sample value source input which provides a combmanon of at least some of said
errors in said affected subsequence of errors at said output thereof.

4, The apparatus of claim 3 wherein said expected sample value source
combines values received at said input thereof with values available therein to
provide a combined signal as said expected value mgnal

S. The apparatus of claim 3 wherein saud expected sample value source
combines values received at said input thcreof with values available therein to
provide a combined signal and provides as said cxpected value signal a selected
one of said combined signal and other values ava:lable_.;therem which is selected
based on a relative magnitude relationship therebbtwe_eﬁ;



. This | oop uses a selection systemto select between the values 1 and
1-2[err] and WO 98/ 03967

PCT/ US97/ 13105 -28 - between ‘the values -1 and -1-2[err], as described in
connection with those equations. Al though the present invention has been
descri bed wi we9swessstence to preferred enbodi nents, wor ker sSPSRP$ Y% n t he

art will recogni ze that changes may be made in formand detail wi thout
departing fromthe spirit and scope of the 5 i nvention. -29 -
CLAIMS): 1. A signal conditioniyg systemfor controlling

characteristics of an anal og signal obtained frommagnetically stored data
through a data retrieval channel asynmetrically affecting rmagnitudes of
sai d anal og signal, said systemconprising: an analog |ink having an input
coupled to said data retrieval channel and a output, said link conprising a
variable gain anplifier, having a signal input. and an output and having a
control input fgr controlling magnitudes of signals provided at said output
t hereof which afe representative of signals occurring at said input

t hereof, and an|anal og conbi ner, having an output and having both a signal

i nput and a -
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conpensation i nput such that signals occurring on said output thereof are
representative of signals occurring on said inputs. thereof conbined, said

- variable gain anplifier and anal og conbi ner having said signal inputs and

; outputs thereof coupled in series with said analog link input and output; a
| sanpl er havi n&’oaﬂ‘f’“?"%but coupl ed to said anal og |ink output BRHUSH/3\®E put
sai d sanpler sanpling signals occurring at said input thereof at
correspondi ng sanpling instants to provide a sequence of sanples
representative of said signals occurring at2/aid input thereof; an expected
sanpl e val ue source having a plurality of outputs at each of which an
expected val ue signal is provided representative of.:a magnitude val ue said
anal og signal is expected to have at |east at sone of said sanpling
instants to thereby forma plurality of said expected val ue signals; WO
98/ 03967 - e PCT/ US97/ 13105
30 - an error deterniner Ravi ng a_sanple inpu cqu:edERO said samgj er
out put and a val ue i nput Qm)l ed tp said _expec|ed Sanpl e-yiod e Sosire

=]

plurality of outputs for Lerm ni 1g[_gla'ffe‘e cpsob®t ween Sjab & s rmlf_%s and
correspondi ng ones of sai luralify Of wex t g ﬁ%FiQ@signals £3
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.an error segregator having an input coupled to said error determ ner output
and a plurality of outputs including a conpensation output and a control
out put said error segregator form ng subsequences of said error seguence
with at | east one said subsequence of errors corresponding to those said
sanpl es in saMP%B83Wence t hereof which represent nmgnitudes BFTE87A3M8al og
signal substantially unaffected by said asygp&try provi ded at said
conpensation output thereof and with at |east'’one ot her said subsequence of

errors corresponding to those sajgasanpré§T'"§§§H Séquence thereof which
‘represent magnitudes aggaid an dnal-sZGSfaTtially affected by said
asymetry provi ded dfisaLd_cantro 1 her eof a:conpensa i48 conbi ner
havi ng an i nput coupled to sa pofi/br ¢ sat%bout put and an
out put coupled to said analjg ¥ ner conpensati)n itnput A#sai d
conpensati on conbi ner provi
unaf f ect ed subsequen
conbi ner havi ng an
and an out put couple
control conbi ner pr&vi

},ﬁﬁﬂ a control
tor control output
ricongrol input, said

PCT/ US97/ 13105 -31- conbination of~&D Iebstcéghe_pf s' d gffected
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. Dof errors at sai d out put thereof.
. wher&in sald error
correspondlng to those said sanples in said sequence thereof

. represernt a corres

-affected by ‘sai dEF

i in each:af fg

cont r ol

expecte

~providi
val ue.

oo -1
2. The apparatus of éléﬁﬁhdhffj

segregator provides two subsequence of errors each

ondlng magni t ude of said anal og signal subs

et ry arftPRENBT RS AL PROERTEROMERATO¥NS of ¢ T
SRR CAUERGEOh $BhE Rizdpiith 1 f&%"é&h&eﬂaﬁ E.Rﬁsﬁlé’g(?’ﬁn

4 errors

dsléﬁ srpptiona) RyteptClaselficstion S has an | nputcanh meemeboi Bdkstiog Nahisr: t 0 bewc 7
ng €11B east at one of said pl yAd of out t her eof an ect ed

ignal ‘representative of a naghit d%‘}/{?mmégﬂ%&"&hw‘bq s?gd?'fgfy % (29.01.98)

expecteq21
- conprigin
segr egdl
val ue g

€errors

The app

val ues-

provi dg.
appar at

val ues-

provi dg.
sel ecte

whi ch:

»| (54) Title: DATA RETRIEVAL CHANNEL CHARACTERISTICS 9:1161.

. (57) Aiis’tract

data retrieval channel that asymmetrically affects’ analog signal magmmdes Exvors in samples are segregated by association with intended
- samplle values. and the different segregates are used in selected versions in control loops to control selected characteristics of the analog
” slgna

I df h
| By A3 enf, o P | W R s A e A B 1
)upled to sald expect ed sanple

{22y Ineuedonap iligUateLit  and 2zl Dot @AW
W@H of at | east sone of

our ¢ei nput which provides a conbi
i) Bidhig pahd #ct ed subsequence. of er ors ﬁ%‘ﬂ“’m ﬂf"’f”l‘i’éf”@'é‘f”"ﬂ"”"""‘
bt ed sanpl e val Ue source combines

ar at 160BR%C| ai m23iuhieseRwosai d exp

recelveﬁ at said input thereof with val ues avallable therein to

o8 Gkt peduSisGRal sas S Osc¥BRaef val ue signal . 5. The

s OfTECHNOLOGR dU§Us); Babi pivpesedrefl sanpl e val ue source conbines

teceiWlel ASEERH MAput thereof with val ues available therein to
sai d expected val ue signal a

@) i6Rakt 4ed si gnal and prOV|des as
 @S)Ienter/Applivan] (ferolventyis d nga pt her val ues available therein
nitude rel ationship therebetween.

s. sellBEPREd Redtee Srve-CR &1 ? Smag
3'-'-_(74) Agent. NEILS; Theodore, F.; Kinney & Lange, P.A., Suite

~- 1500, 625 Fourth Avenue South, Minneapolis, MN 55415-
l659 (US)

pd

Fitesing ang
Timing

eactdan

A s:gnal conditioning system for controlling characteristics of an analog sngnal obtained from magnetically stored data through a




